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Abstract 
In the retinofugal pathway, various cues are present to direct retinal axons to 
the same side (ipsilateral) or opposite side (contralateral) of the brain, forming an 
"X" shaped routing pattern in the ventral diencephalon known as the chiasm. In my 
thesis, I aim at understanding the roles of three molecules in the development of the 
mouse retinofugal pathway. 
The first molecule is hyaluronan (HA) which regulates axon divergence in the 
chiasm. In brain slice preparations of the optic pathway, retrograde filling of the 
retinal ganglion cells from the optic tract revealed a significant reduction in the 
uncrossed projection in embryonic day (E) 15 and El6 pathways treated with 
exogenous HA (120|ig/ml). These findings agree with the previous results of 
perturbing CD44 functions, supporting the importance of HA/CD44 complex in 
controlling axon divergence in the mouse chiasm. On the contrary, there was no 
significant reduction in the uncrossed projection in both El5 and El6 slices treated 
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with 75U/ml hyaluronidase. These results suggest that the HA/CD44 complex is not 
the sole agent in controlling axon turning, but probably functions through 
interactions with other axon turning factors that are independent from HA binding. 
Another molecule Nogo is an inhibitory molecule regulating axon divergence 
in the chiasm. Previous reports demonstrated that Nogo was predominantly 
expressed on Muller glia in the retina and the radial glia at the midline of the chiasm. 
In the present study, Western blot analyses showed that the Nogo antibody N-18 
recognized both Nogo-A and Nogo-B in the adult mouse spinal cord, and detected 
Nogo-A and a short-isoform of Nogo-B in the embryonic retina and the ventral 
diencephalon. Although the result in immunohistochemistry is different to other 
literature, these results do imply that N18 recognizes Nogo proteins in the tissues 
studied, which may not be able to demonstrate using Nogo-A specific antibodies 
used in other studies. 
Lastly, we have investigated Sonic hedgehog (Shh), which has been shown to 
be involved in axon guidance in the chick visual pathway. Previous report showed in 
the mouse that retinal axons were misrouted into contralateral optic stalk after 
perturbing the Shh signaling pathway. Using immunohistochemistry in the present 
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study, Shh protein was largely localized on the axons at the optic stalk and optic tract 
but was reduced in the chiasm. Preliminary results showed that 0.5|ig/ml N-Shh 
peptides in retinal explant culture significantly promoted neurite outgrowth from 
dorsal nasal explants. However, a high dose of Shh (2.5)ig/ml) significantly inhibited 
the neurite outgrowth from ventral temporal explants. Thus, the results show a dual 
response of retinal axons to Shh, which depends on the dose of the peptide and the 
location across the retinal surface where the axons originate. 
We conclude that the routings of axons in the visual pathway are under 
control of various mechanisms, which involve participation of different molecules. 
Some of the molecules may act independently whilst others are interacting with other 
axon growth molecules. All these may work to pattern the precised routing of retinal 
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During the development of mouse retinofugal pathway, axons projecting from 
the retinal ganglion cells largely cross the midline at the ventral diencephalon to form 
the contralateral optic tract on the opposite side of the brain while a small population 
of axons does not cross the midline and so form the ipsilateral optic tract on the same 
side. Hence, the "X" shaped optic chiasm is developed at the ventral diencephalon. 
Approximately 3% of the total projection contributes to the uncrossed projection in 
mice but nearly 50% axons in the pathway in primates project to the ipsilateral 
targets. The proportion of the uncrossed pathway depends on the degree of 
overlapping visual information collected by both eyes which in turn is important for 
binocular vision in these animals. Due to the relative simplicity and accessibility, 
mouse embryos are commonly used to study the axon growth in the visual pathway 
under influences of various guidance cues. 
1. Development of the retinofugal pathway 
1.1 Development of the optic chiasm 
Previous studies have demonstrated that retinal ganglion cells throughout the 
retina project crossed axons while uncrossed axons are mainly arising from the 
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ventral temporal retina in the adult visual pathway (Drager, 1985; Godement et al.， 
1987; Colello and Guillery, 1990). Retinal ganglion cells projecting both crossed and 
uncrossed projection are bom at embryonic day (E) 11 (Drager, 1985). The earliest 
axons enter the ventral diencephalon between El2.75 and El3.5; these axons 
originate from dorsocentral retina (Drager, 1985; Godement et al.，1987; Colello and 
Guillery, 1990; Marcus and Mason, 1995). Some of these axons turn without 
reaching the midline and grow along the lateral surface of the diencephalon to form 
the ipsilateral optic tract whilst some axons grow straight across the midline and 
form the contralateral optic tract (Marcus and Mason, 1995). This population of early 
bom uncrossed axons cannot be seen in adult pathway and so they are suggested to 
be a transient pathway (Marcus and Mason, 1995). At later development, axons enter 
the radial glial palisade to go towards the midline in the chiasm. Various guidance 
cues in the diencephalic cells are present so that axons at the midline can make 
decision whether to cross the midline or make a sharp turn to form the ipsilateral 
optic tract, and so establishing the adult pattern of decussation at the optic chiasm 
(Colello and Guillery, 1990). 
1.2 Radial glia and chiasmatic cells in the ventral diencephalon 
There are two types of specialized cells involved in development of bilateral 
projection. They are radial glia and chiasmatic neurons. The radial glial cells are 
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recognized by a monoclonal antibody RC2, which is a marker for radial glial cells in 
developing mouse central nervous system (Misson et al., 1988). The processes of 
radial glial cells extend from the ventricular zone to the pial surface of the 
diencephalon to form endfeet. The cell bodies of them are present in the ependymal 
lining of the third ventricle (Misson et al., 1988; Mason and Sretavan, 1997). A 
palisade of radial glia is found on both sides of the midline and their processes are 
invading into the optic axon layer in the chiasm. These processes are located 
intensely at the midline but found sparsely at the lateral regions of the chiasm, 
suggesting a specific role in axon divergence at the midline. 
Another specialized cell type is the chiasmatic neurons which are among the 
first differentiated neurons in the ventral diencephalon and are recognized by the 
Stage Specific Embryonic Antigen 1 (SSEA-1) and CD44 antibodies (Sretavan et al, 
1994). These CD44/SSEA neurons are arranged in an inverted V-shaped array, acting 
as the posterior boundary of the retinal axons in the chiasm and also marking the 
proximal part of the optic tract (Sretavan et al, 1994; Marcus and Mason, 1995; Lin 
et al., 2005). The early retinal axons enter the palisade of radial glia at the midline 
but just grow along the anterior boundary of CD44/SSEA neurons to form the 
contralateral optic tract (Marcus and Mason, 1995). At later stages, ipsilateral axons 
make a sharp turn before reaching the narrow raphe of CD44/SSEA neurons at the 
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midline, suggesting inhibitory influence from these neurons to the axon growth. 
However, this inhibitory effect is not supported by the result reporting that retinal 
axons fail to grow into the chiasm after the ablation of the chiasmatic neurons 
(Sretavan et al., 1995). All these findings suggest that the CD44/SSEA neurons 
possess guidance molecules which are either inhibitory or attractive to axon growth 
in the chiasm. The structure responding to these cues on the axons are called growth 
cone. 
1.3 Retinal growth cones in the chiasm 
Growth cone is an irregular enlargement at the tip of dendrite or axon, often 
extends finger-like filopodia and veil-like lamellipodia. Receptors are present on the 
growth cone, which allow the axon to respond to guidance cues to control the rate 
and direction of axon growth. Binding on receptors triggers downstream signaling 
pathways to alter the cytoskeleton arrangement that results in extension or retraction 
of the podia of the growth cone. Hence, the morphology of growth cone changes 
according to the complexity of the environment in the pathway (Bovolenta and 
Mason, 1987; Godement et al., 1990; Chan et a l , 1998; Chung et al., 2000b). 
Previous reports have been demonstrated that growth cones in the optic stalk are 
largely simple and elongated in form with only few short filopodial processes. 
However, they become more complex in the chiasm, showing shortened and 
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spreading growth cones with more filopodial processes. In contrast, they resume the 
simple form in the optic tract which is similar to those in the optic stalk. It has been 
suggested that the environment in the postmidline chiasm is more complicated than 
the pre-midline region, suggesting other axon sorting mechanisms take place after 
axon crossing the midline. In the past decades, several ligand-receptor signaling 
mechanism were proposed which are the key factors in axon pathfinding. 
2. Important molecules in the development of the 
retinofugal pathway 
There are various guidance cues present in the retinofugal pathway that have 
been shown to regulate axon routing. Some of these molecules act directly on retinal 
axons while others interact with other guidance molecules to exert functions. In my 
thesis, I have examined functions of three of these molecules, hyaluronan, Nogo and 
Sonic hedgehog. 
2.1 Hyaluronan and CD44 
CD44, a transmembrane glycoprotein, is localized on the chiasmatic neurons at 
the midline of the chiasm (Sretavan et al.，1994; Lin and Chan, 2003). CD44, which 
spliced isoforms have molecular weight from 80 to 250 kDa, has disulfide bonds and 
specific motifs at the amino terminus for HA binding while several phosphorylation 
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sites are present at the carboxyl terminus for interacting with cytoskeletons (Pure and 
Cuff，2001). CD44 is involved in cell adhesion, migration, autoimmune disease and 
cancers and it also plays roles in inflammation (Pure and Cuff, 2001; Almond, 2007). 
CD44 has also been demonstrated to regulate axon routing in the chiasm. It inhibits 
neurite outgrowth from mouse retinal explants (Sretavan et al., 1994). However, \n 
vivo ablation of these CD44-positive neurons with blocking antibody causes a failure 
of axon growth into the chiasm (Sretavan et al.，1995). Axon growth regulatory role 
of CD44 is further confirmed by perturbing CD44 with Hermes-1 or IM7 antibody, 
which recognizes the amino terminus of hyaluronan (HA) binding domain and 
epitope outside the HA binding domain, respectively. Optic pathways treated with 
these antibodies show a significant reduction in midline crossing at El3 and El4，and 
a reduced uncrossed projection at El 5 (Lin and Chan, 2003). These findings indicate 
the important role of CD44 in regulating axon routing and divergence in the mouse 
chiasm. 
CD44 is the primary receptor of HA, although HA has several binding proteins. 
HA belongs to the glycosaminoglycan family. It is a large, simple, negatively 
charged and unbranched polysaccharide with molecular weight of 10^ - kDa and 
length of 2 - 25 |im in the extracellular matrix (Weissmann and Meyer, 1954). HA 
can create osmotic imbalance to draw in water, serving as a good lubricant and 
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compressive load in tissues and joints. Hence, HA is useful in tissue engineering and 
clinical applications (Allison and Grande-Allen, 2006; Almond, 2007). CD44/HA 
interaction is also involved in many cellular and developmental processes (Toole, 
1997，2000, 2004; Bajorath et al., 1998; Pure and Cuff, 2001; Allison and 
Grande-Allen, 2006; Almond, 2007). For example, the interaction promotes cell 
survival, cell migration and extracellular matrix remodeling. Recent reports also 
suggest that CD44/HA complex regulates axon divergence and axon routing at the 
optic chiasm. 
Our laboratory has reported HA is colocalized with CD44 on the chiasmatic 
neurons at the midline (Lin et al., 2007a). Similar to the results in perturbation study 
using CD44 antibody, exogenous HA showed significant reduction of midline 
crossing in El 3 slices of mouse optic pathway; similar phenotype is also observed in 
El3 slices treated with hyaluronidase that digests HA, showing significant decrease 
in midline crossing (Chan et al., 2007; Lin et al” 2007b). These findings support 
CD44/HA interaction is important in the development of axon routing at the chiasm. 
2.2 Nogo and Nogo receptor 
Nogo is a transmembrane protein belonging to the reticulon family, which is 
particularly abundant in the endoplasmic reticulum. Nogo has been found on 
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oligodendrocytes in mammalian central nervous system (CNS) and is inhibitory to 
neurite growth and prevents axon regeneration in the adult CNS (Chen et al.，2000; 
GrandPre et al., 2000). 
Nogo gene codes for three spliced variants: Nogo-A (200 kDa), Nogo-B (54 kDa) 
and Nogo-C (25 kDa; Chen et al., 2000; Kim et al., 2003; Schwab 2004; Wang et al， 
2008a). All isoforms share a conserved domain of 188 amino acids at the carboxyl 
terminus that binds to Nogo-66 receptor (NgR) with a 66 amino acid loop (Nogo-66) 
in between the two hydrophobic regions. Nogo-A is mainly found on the cell body 
and processes of oligodendrocytes and it is also found on neurons in the brain and 
ganglion cells in the retina (Huber et al., 2002). Recently, Nogo-A is shown to be 
localized on the retinal ganglion cells and retinal axons in mouse embryos (Tozaki et 
al” 2002). Nogo-B is found in many different tissues and cell types in both CNS and 
peripheral nervous system, including adult neurons (Huber et al., 2002; Josephson et 
al., 2002; Oertle et al., 2003). Nogo-C protein is mainly found in skeletal muscles 
although Nogo-C mRNA is largely found in nervous tissues (Chen et al., 2000; 
Huber et al., 2002). 
The inhibitory effect of Nogo-A is contributed by three domains which include 
Nogo-66, a short sequence in the midst of Nogo-A specific region (amino acids 
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544-725) and also the amino terminus (Prinhja et al., 2000; GrandPre et al., 2002; 
Oertle et al., 2003). These inhibitory sites are exposed on the cell surface and only 
Nogo-66 is known to bind to NgR with downstream targets, Ras homolog gene 
family member A (RhoA) and Rho kinase (ROCK; Yiu and He, 2003). Recent 
research has demonstrated that Nogo-B stimulates the adhesion and chemotaxis of 
endothelial cells by signaling with proposed Nogo-B receptor (NgBR; Miao et al., 
2006). Nogo-C still has no known functions. In contrast to inhibitory effects in the 
regeneration of adult CNS neurons, perturbation of Nogo-A with blocking antibodies, 
IN-1 results in aberrant growth of corticospinal tract (CST) fibers in the spinal cord 
of newborn rats, suggesting that Nogo-A is important to channel axons in the 
developing CST (Schwab and Schnell, 1991). Moreover, Nogo-A is not 
downregulated on axons and NgR is expressed on the cell bodies of neurons during 
the stages of regeneration in the spinal cord of chick embryos (O'Neill et al., 2004), 
suggesting Nogo has other roles at different stages during development. 
Previous studies in our laboratory have examined the expression and functions 
of Nogo proteins in the developing mouse retinofugal pathway. Nogo is 
predominantly expressed on the Muller glia and a few migrating neurons in the retina 
and the radial glia in the ventral diencephalon (Wang et al., 2008a)，which is different 
from the neuronal localization reported in another literature (Huber et al., 2002; 
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Tozaki et al., 2002). Also, NgR is selectively downregulated on DN (dorsal nasal) 
axons (crossed axons) but is maintained on VT (ventral temporal) axons (uncrossed 
axons) in the chiasm, indicating that Nogo regulates axon divergence by interacting 
with NgR which is differentially expressed on axons in the chiasm (Wang et al., 
2008b). 
2.3 Sonic hedgehog 
Hedgehog (Hh) signaling in development is well studied. Hh is first discovered in 
Drosophila and it is conserved from invertebrates to vertebrates. It plays roles in 
tissue patterning, cell fate specification and cell growth in more than 20 organs, 
tissues or cell types (summarized in Ingham and McMahon, 2001). Hh signaling is 
involved in many different developmental processes including development of the 
visual pathway (listed in Amato et al.，2004). 
In vertebrates, three homologues are found in the hedgehog family. Sonic 
hedgehog (Shh), Indian hedgehog (Ihh) and Desert hedgehog (Dhh). The 19-kDa 
amino terminus of Shh protein (N-Shh) is biologically active and it is produced by 
autocleavage by the domain in the carboxyl terminus of the 45-kDa precursor Shh 
(Bumcrot et al., 1995; Marti et al., 1995; Mann and Beachy, 2004). N-Shh is then 
modified by adding cholesterol and palmitate to the carboxyl and amino terminus, 
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respectively (Porter et al., 1996; Pepinsky et al. 1998). The modifications are 
important for secretory properties of Shh and its long-range signaling activities 
(Porter et al., 1995; Chamoun et al., 2001). Modified N-Shh binds to the receptor, 
Patched (Ptch), to remove inhibition of Smoothened (Smo)，which then signals 
intracellularly (van den Heuvel and Ingham, 1996). Smo transduces Shh signals to 
Gli proteins (Glil, Gli2, Gli3), which are zinc finger transcription factors, to regulate 
target gene expression (Ingham, 1998). 
Sonic hedgehog is a morphogen which is defined as a secreted molecule to 
control cellular processes by regulating gene expression in a concentration-dependent 
manner. Several studies have focused on the roles of Shh in axon guidance. Shh 
protein has been demonstrated to be inhibitory to neurite outgrowth by collapsing 
growth cones in chick retinal explants (Trousse et al., 2001). Ectopic expression in 
the chiasm of chick embryos also affects the normal development of the pathway 
(Trousse et al., 2001). Negative influence of Shh is also demonstrated in Pax2 mutant 
mice, showing that majority of retinal axons do not cross the midline but grow 
ipsilaterally as Shh is ectopically expressed at the midline of the chiasm (Torres et al., 
1996). In contrast, Shh acts as a chemoattractant in the spinal cord of mouse embryos, 
working together with Netrin-1 to attract commissural axons to the ventral midline 
(Charron et al., 2003). This process signals through another Shh receptor, Boc. 
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Supporting its positive and negative influence, dual roles of Shh are shown in retinal 
explants of chick embryos, which show inhibitory action to neurite growth at high 
concentration but promotive influence at low concentration of Shh (Kolpak et al., 
2005). 
2.4 Chondroitin sulfate proteoglycans (CSPGs) 
CSPG is one of the proteoglycans involved in axon decussation in the developing 
mouse chiasm. It is localized in the CD44/SSEA chiasmatic neurons and is 
abundantly localized at the midline of the chiasm (Chung et al., 2000a). CSPG has 
inhibitory effect on retinal axons (Snow et al , 1991; Snow and Letoumeau, 1992) 
and it selectively inhibits neurite growth from VT rather than DN retinal explants in 
vitro (Cheung et al., 2005). Digesting CS glycosaminoglycans from CSPGs with 
chondroitinase ABC produces disorganized axon projection in retinal explants 
(Brittis et al., 1992) and reduces uncrossed projection consistently in both E14 and 
El5 slices (Chung et al., 2000b). With the inhibitory CS removed in the deep regions 
of the optic tract by enzyme digestion, the accumulation of growth cones in the 
superficial region of optic tract is abolished, showing that the age-related order in the 
optic tract is also under control of CSPG (Leung et a l , 2003). However, the 
mechanism of CSPG actions is still unclear. 
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2.5 Ephrin and Eph receptor 
Another guidance molecule is ephrin which can be divided into two subclasses. 
Ephrin-As are the ligands which primarily bind to EphA receptors. These ligands 
attach to the cell surface through a glycosylphosphatidylinositol (GPI) anchor. 
Ephrin-Bs mainly bind to EphB receptors, which have a transmembrane domain 
(Gale et al., 1996; O'Leary and Wilkinson, 1999; Murai and Pasquale, 2003). Both 
subtypes of Eph are receptor tyrosine kinases. B-subclasses of Eph and ephrin have 
been demonstrated to play crucial role in the development of uncrossed pathway at 
the optic chiasm (Nakagawa et al” 2000; Williams et al., 2003). 
In Xenopus, ephrin-B is absent in tadpoles with all retinal axons projecting 
contralaterally while EphB2 is already expressed in the ventral part of the retina. 
During metamorphosis, ephrin-B is upregulated in the chiasm to inhibit VT axons， 
which have highest levels of EphB receptors (Nakagawa et al., 2000; Mann et al., 
2002). The importance of ephrin-B in uncrossed projection development is further 
confirmed by the knockout of ephrin-B in the chiasm of chicks and fish which only 
have contralateral projection (Nakagawa et al., 2000). 
The roles of ephrin-B2 and EphBl are also examined in mouse embryos. During 
early development, ephrin-B2, which is inhibitory to retinal neurite growth, is found 
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in the radial glial cells in the chiasm and EphBl and EphB2 are localized only in the 
dorsocentral retina which projects transient population of uncrossed axons (Williams 
et al.，2003). At later development, EphB2 forms a ventral gradient and EphBl is 
confined to the VT retina which projects uncrossed axons, similar to the pattern in 
post-metamorphic Xenopus forming uncrossed projection (Williams et al., 2003). 
Further investigations show reduction in the uncrossed projection after perturbing 
ephrin-B2 in the chiasm and also in the EphBl mutant mice (Williams et al., 2003), 
confirming the importance of ephrin-B2 and EphBl in axon divergence. However, 
not all uncrossed axons are eliminated in EphBl mutant, suggesting that some other 
factors are involved in the development of uncrossed projection. 
2.6 Slit and Robo receptor 
Slit protein is an axon chemorepellent at the midline (Battye et al., 1999) and it is 
mediated by Roundabout (Robo) receptors which are expressed on commissural 
axons (Kidd et al., 1998). Slitl and slitl are expressed in the ventral diencephalon 
while robol and robo2 are expressed in retinal ganglion cells during development 
(Erskine et al., 2000). In slitl and slit2 double knockout mice, the chiasm is formed 
ectopically at a position rostral to the chiasm in wild type. The crossed axons are 
misrouted dorsally and laterally and some even grow into the contralateral optic stalk 
in the mutants (Plump et al., 2002). However, normal uncrossed projection forms in 
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these mutant mice. Moreover, guidance errors and ectopic chiasm formation are also 
found in Robo2 zebrafish mutants, astray (Fricke et al.，2001). Therefore, slitl and 
slit2, through interaction with Robos, play roles in establishing the position of the 
chiasm and channeling axons to the optic tract but not regulating axon divergence 
(Plump et al.，2002; Thompson et al.，2006). 
2.7 LI and NCAM 
The cell adhesion molecules LI and neural cell adhesion molecule (NCAM) act 
through hemophilic and heterophilic (eg. between LI and NCAM) interactions to 
affect axon fasciculation, growth and guidance (Lemmon et al., 1989; Walsh and 
Doherty, 1997; Long and Lemmon, 2000). In mouse embryos, polysialylated form of 
NCAM is predominantly found and the polysialic acid (PSA) is important to the 
functions of NCAM (Rutishauser and Landmesser, 1996). PSA has been shown to 
involve in axon guidance in the retina and the diencephalon and fasciculation in 
chick retinas (Yin et al.，1995; Monnier et al., 2001). Both LI and PSA-NCAM are 
localized on the retinal axons in the retinofugal pathway and LI is also expressed on 
the chiasmatic neurons in mouse diencephalon (Sretavan et al., 1994). LI expression 
remains high in the chiasm and the tract; however, PSA-NCAM expression is 
reduced in the chiasm but is upregulated in the optic tract (Chung et al., 2004). These 
regional specific patterns along the pathway suggest that LI and PSA-NCAM may 
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be involved in axon patterning. 
Another LI related cell adhesion molecule, Nr-CAM is important for midline 
crossing. Nr-CAM is predominantly expressed on retinal ganglion cells which are 
projecting contralateral axons (Williams et al., 2006). Perturbation of Nr-CAM with 
blocking antibodies displays increased size of uncrossed projection and consistent 
increase is found in Nr-CAM mutant mice (Williams et al.，2006)，supporting 
Nr-CAM is involved in directing axons to cross the midline. 
2.8 Zic2 transcription factor 
Zic2 is a gene coding for a zinc finger transcription factor, which is the first 
identified transcriptional program that regulates axon divergence in the chiasm of 
vertebrates (Herrera et al., 2003). Zic2 protein is upregulated in the ganglion cells in 
VT retina between E14.5 and E17.5 when axons are projecting ipsilaterally at the 
chiasm (Herrera et al., 2003). Relatively lower expression of Zic2 in Zic2 knockdown 
mice demonstrates a reduced uncrossed projection (Nagai et al., 2000; Herrera et al., 
2003). Overexpression of Zic2 in dorsal temporal (DT) retinal explants changes the 
neurite response from extension to inhibition when cocultured with chiasmatic cells 
(Herrera et al., 2003). Zic2 is also sufficient to change the trajectory of retinal axons 
from crossed to uncrossed projection at the chiasmatic midline (Garcia-Frigola et al.， 
16 
2008). All these findings support that Zic2 is inhibitory to retinal axons to form 
uncrossed projection. 
Zic2 and EphBl are coexpressed in the mouse VT retina during the same period 
of time (E14.5-E17.5) when uncrossed projection is developing (Herrera et a l , 2003; 
Williams et al., 2003, 2004). Also, in the VT retina of El 5.5 mouse embryos, Zic2 is 
expressed in the most peripheral retina, where youngest cells are located, while Zic2 
and EphBl are coexpressed in the older and more central retinal cells (Garcia-Frigola 
et al., 2008). Following the differentiation wave from central to periphery, this 
sequential spatiotemporal expression indicated that EphBl is the downstream target 
of Zic2 (Garcia-Frigola et a l , 2008). Besides, loss-of-function analyses show both 
EphBl and Zic2 are essential for the proper development of uncrossed projection, 
supporting that Zic2 regulates the expression of EphBl in the retina. Comparing with 
EphBl mutants, almost no uncrossed projection is found in Zic2 mutants, suggesting 
that Zic2 also controls EphBl-independent pathway to regulate axon divergence in 
chiasmatic midline of mouse embryos (Garcia-Frigola et al., 2008). 
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Chapter 2 
Functions of hyaluronan in the 
development of retinofugal pathway 
Introduction 
Hyaluronan (HA) is a nonsulphated linear glycosaminoglycan in the 
extracellular matrix, having size of 1 0 ^ - k D a with extended length of 2-25 |am 
(Weissmann and Meyer, 1954). HA is involved in various cellular and developmental 
processes; some of these processes are regulated by interacting with the HA receptor, 
CD44 (Toole, 1997, 2000, 2004; Bajorath et al., 1998; Pure and Cuff, 2001; Allison 
and Grande-Allen, 2006). CD44 has also been shown to inhibit neurite outgrowth 
from mouse retinal explants (Sretavan et al., 1994) and to regulate axon crossing and 
axon divergence at the developing mouse chiasm (Lin and Chan, 2003). 
Recent studies in our laboratory have shown that HA, which is localized in an 
inverted V-shaped array caudal to the route of retinal axons in the ventral 
diencephalon, is colocalized with CD44, a surface glycoprotein expressing on the 
chiasmatic neurons, in the midline region (Lin et al., 2007a). In brain slice culture, 
anterogradely labeled retinofugal pathway shows a significant reduction in midline 
crossing at El3 and in the uncrossed projection at El5 and El6 after treatment with 
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exogenous hyaluronan (Lin et al., 2007b). Removal of HA by hyaluronidase also 
demonstrates an obvious reduction in midline crossing in El3 slices (Chan et al., 
2007). These routing abnormalities suggest the roles of HA in regulating midline 
crossing at El3 and axon divergence at later stages (Chan et al., 2007; Lin et al., 
2007b). In contrast, there is no significant effect on the outgrowth of retinal neurites 
in explant cultures with soluble or substrate-bound form of HA, implying that HA 
has to interact with other guidance molecules to exert its functions (Lin et al., 2007b). 
Similar routing errors in the perturbation of CD44 by anti-CD44 antibodies and 
colocalization of HA and CD44 at the chiasmatic midline supports HA/CD44 
interactions in regulating axon routing and axon divergence in the developing mouse 
retinofugal pathway (Chan et al.，2007; Lin et a l , 2007a; Lin et al., 2007b). 
To further verify the interaction between HA and CD44 and the roles of HA in 
axon divergence, we have examined the retrogradely labeled optic pathway after 
adding or removing HA in brain slice preparations at later developmental stages. 
Materials and methods 
Animals and tissue preparations 
The experimental procedures were approved by the Animal Ethics Committee 
of the Chinese University of Hong Kong (CUHK). Time-mated mice (C57 BL/6J) 
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were provided by the Laboratory Animals Services Center of CUHK. Embryonic day 
(E) 0 was assigned to the day that a vaginal plug was found. Pregnant mice were 
killed by cervical dislocation and their embryos (from El5-16) were taken out by 
Caesarean section. 
Preparation of brain slices 
Following the protocols reported before (Chung et al., 2000b), the embryos 
(El5 and El6) were decapitated and kept in chilled Dulbecco's modified Eagle's 
medium (DMEM)/F12 medium containing penicillin (lOOOU/ml) and streptomycin 
(1000|ig/ml). Brain slices were dissected from the embryos and the slice of the 
retinofugal pathway contained eyes, optic stalk, optic chiasm and the proximal parts 
of the optic tract. The slices were cultured in DMEM/F12 with 10% fetal bovine 
serum (Invitrogen, USA) at 37°C rolling in an incubator and pure oxygen was 
supplied three times within 5-hour culture. Some brain slices were treated with 120 
|ig/ml hyaluronan (HA; Cat No. 385908, from Streptococcus sp.，MW 757 kDa; 
Calbiochem, USA) or with 75 U/ml hyaluronidase (HAase; Cat no. 389561, from 
Streptomyces hyaluronlyticus; Calbiochem, USA) which catalyzes the degradation of 
HA by cleaving N-acetylglucosaminidic bonds and breaking the linear chain into 
unsaturated oligosaccharides (Yamagata et al., 1968). Control slices were cultured in 
the medium without any HA or HAase. After fixing the slices with 4% 
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paraformaldehyde in O.IM phosphate buffer (PB) at pH 7.4, several Dil granules 
(1 ’r-Dioctadecyl-3,3,3,,3，-tetramethylindo-carbocyanine perchlorate; Molecular 
Probes, USA) were inserted into the left optic tract of the fixed slices to backfill the 
optic pathway, labeling the contralaterally and ipsilaterally projecting retinal 
ganglion cells in the two eyes (Chan et al., 1993, 1999). All the slices were then 
stored at room temperature in 2% formalin in O.IM PB for 3 weeks to ensure 
sufficient labeling of the pathway. 
Analyses of the retrogradely filled ganglion cells in the retina 
Retrogradely labeled retinae from the slices were flat-mounted on a glass slide 
(Chan et al., 1999) and imaged using confocal microscopy (FV300, Olympus, Japan). 
These images were merged to form complete figures of the whole retina using 
Photoshop 8.0 software (Adobe, USA). All the labeled cells on the left retina which 
was ipsilateral to the labeled optic tract were counted and compared between 
treatments and corresponding controls using Mann-Whitney nonparametric tests 
(GraphPad Inc, USA). The region with most densely labeled cells in the ventral 
temporal quadrant of retina was defined as temporal crescent which occupied about 
one-third of this quadrant at periphery. The area outside temporal crescent was 
defined as nasal retina. Right retina which was contralateral to the labeled optic tract 
was also imaged to check the completeness of the labeling. 
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Immunohistochemistry 
To study whether the arrangement of neurons at the midline of chiasm was 
affected after HA treatment, the chiasmatic neurons were detected by the 
stage-specific embryonic antigen (SSEA-1) antibody (Solter and Knowles, 1978; 
Marcus and Mason, 1995; mouse IgM; 1:5; Cat No. MC-480; DSHB, USA). Some 
brain slices were treated with HA while control slices were not. After culture and 
fixation, the slices were embedded in gelatin-albumen mixture and were sectioned 
either horizontally or frontally into lOOjim sections using a vibratome. The sections 
containing the chiasm were collected in O.IM phosphate buffer saline (PBS) at pH 
7.4. The sections were washed with O.IM PBS for 15 minutes and then they were 
blocked with 10% normal donkey serum in O.IM PBS with 0.1% Triton X-100 for 2 
hours at room temperature, followed by overnight incubation at 4°C with SSEA-1 
antibody in O.IM PBS with 0.1% Triton X-100. After primary antibody incubation, 
the sections were incubated with secondary antibodies conjugated with Fluorescein 
isothiocyanate (FITC) conjugated donkey anti-mouse IgM (1:100; Cat No. 
715-096-020, Jackson Immunoresearch, USA) in O.IM PBS with 0.1% Triton X-100. 
The sections were washed with O.IM PBS 3 times in 45 minutes after primary and 
secondary antibody incubation. After that, the sections were mounted on glass slides 




Reduction in retrogradely labeled retinal ganglion cells projecting uncrossed 
axons after hyaluronan treatment 
To examine the negative effects of hyaluronan (HA) in the formation of the 
uncrossed projection, the optic pathway were retrogradely filled with Dil dye in the 
brain slices to stain the ganglion cells in the retina that were projecting uncrossed 
axons. The influence of HA on the uncrossed projection was determined by 
comparing the changes of the number of stained ganglion cells after the treatment. In 
El 5 slices, the ganglion cells were labeled throughout the whole retina in control 
preparations (Fig. lA and IB). The ventral temporal crescent, where major 
population of uncrossed axons is projected, at the periphery of the ventral temporal 
retina was not well developed, suggesting that majority of uncrossed pathway was 
projected from the nasal retina (regions of retina other than temporal crescent). After 
treatment with 120 |ig/ml HA, which showed the greatest inhibition on the retinal 
axons in our studies, the number of labeled ganglion cells was obviously reduced 
(Fig. IC and ID). The significant reduction in the number of ipsilaterally projecting 
ganglion cells was supported by statistical test (P < 0.05), showing that the reduction 
was especially contributed by ipsilaterally projecting ganglion cells from nasal retina 
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(P < 0.05; Fig. 3A). To further confirm the negative influence of HA in E15 slices, 
same treatment in El6 slices was investigated, when the uncrossed projection from 
ventral temporal retina is better developed. A clear ventral temporal crescent was 
observed with the scattering of stained ganglion cells in other regions of the control 
retina (Fig. 2A and 2B). After treatment with exogenous HA, significant reduction in 
the number of ipsilateral projecting cells from both nasal retina and ventral temporal 
crescent was observed (Fig. 2C-E). This observation was confirmed by quantitative 
analyses (P < 0.05; Fig. 3B). 
Exogenous HA did not affect the arrangement of chiasmatic neurons 
To verify that the reduced uncrossed projection is affected by disruption of HA 
signaling mechanism with exogenous HA but not by altering the positions of 
chiasmatic neurons which possess inhibitory molecules, SSEA-1 antibody is used to 
stain the chiasmatic neurons in El5 slices treated with 120 |ig/ml HA. The staining 
of SSEA-1 was observed on the neurons at the midline, the optic tract and neurons 
caudal to the course of retinal axons (Fig. 4A). Similar configuration of 
SSEA-1-positive chiasmatic neurons was observed after treatment with exogenous 
HA (Fig. 4B). Frontal sections further confirmed that no significant changes in 
positions of chiasmatic neurons after treatment with HA (Fig. 4C and 4D). 
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No significant changes on uncrossed pathway after enzymatic digestion of 
hyaluronan 
After knowing that exogenous HA reduced uncrossed projection by disrupting 
its signaling mechanism, the role of HA signaling mechanism was further determined 
by removal of HA with hyaluronidase (HAase). 75 U/ml HAase has been 
demonstrated to effectively remove most HA in the diencephalon in slices (Chan et 
al., 2007) and 100 U/ml HAase has been shown similar effects, suggesting 75 U/ml 
HAase is adequate for digestion of HA in slices. In El 5 slices, stained ganglion cells 
were scattered throughout the retina in control slices (Fig. 5A). Surprisingly, the 
number of stained cells was not changed obviously after removal of HA with HAase 
(Fig. 5B-D). Quantitative measurements showed that there was no significant 
difference in cell counts no matter from nasal retina, temporal crescent or total cell 
number after treatment (P > 0.05; Fig. 7A). Then, El6 slices, when more uncrossed 
projection developed, were examined. Similarly, labeled ganglion cells were 
scattered to the whole retina and were intensely located at ventral temporal crescent 
in control slices (Fig. 6A). Again, there was no significant change observed after 
treatment (Fig. 6B). Statistical test also confirmed that there was no significant 
difference in all studied items after treatment with HAase (P > 0.05; Fig. 7B). 
All Dil labeling figures shown above come from the left retinae which were 
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ipsilateral to the labeled optic tracts. Nevertheless, retinae contralateral to the labeled 
optic tracts were also examined. In figure 8，the staining with Dil dye was observed 
throughout the whole retina and the staining was not different between treatment and 
control preparations. Hence, the optic pathway of the studied slices was completely 
labeled with Dil dye and there was probably no retardation of retinal axons or even 
death of ganglion cells caused by HA or HAase. This was also supported by the 
retinal explant culture, showing no significant influence after adding exogenous HA 
into culture medium (Lin et al., 2007b). 
Discussion 
In this report, the roles of HA in the developing mouse retinofugal pathway is 
examined, showing the influences of HA in slices treated with exogenous HA or 
enzymatic digestion of HA by HAase. The major findings include the following. 1) 
Retrograde filling of the retinal ganglion cells demonstrates a significant reduction in 
uncrossed projection in El5 and El6 slices treated with exogenous HA. 2) There is 
no significant change to the configuration of the chiasmatic neurons in El5 ventral 
diencephalon after treatment with exogenous hyaluronan. 3) Retrograde labeling of 
the retinal ganglion cells reveals that removal of HA does not significantly affect the 
bilateral projection in El5 and El6 slices. These findings suggest that HA/CD44 
complex interacts with other guidance cues to regulate uncrossed projection in later 
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developmental stages (Chan et al., 2007; Lin et al., 2007b). 
HA interacts with CD44 to directly or indirectly regulate axon routing 
My findings have shown a significant reduction in the number of retrogradely 
labeled ganglion cells in the nasal retina at El5 and in both the nasal retina and the 
ventral temporal crescent at El6 after treatment with 120 |ig/ml HA (Lin et al., 
2007b). It means that exogenous hyaluronan reduces the uncrossed projection from 
the nasal retina in El5 slices, when the permanent projection forms, and from both 
nasal retina and ventral temporal crescent in El6 slices, when the temporal crescent 
is better developed. These findings are supported by the anterograde filling of the 
optic pathway showing obvious reduction in the uncrossed projection in El5 slices 
and El6 slices (Lin et al.，2007b). Hence, it shows that HA does have roles in 
regulating axon divergence to form the uncrossed projection. As HA has been 
reported to involve in cytoskeletal protein assembly (Bourguignon et al.，2001, 2004)， 
I have examined the arrangement of the chiasmatic neurons in El 5 chiasms, showing 
no obvious influence on the configuration of the neurons after treatment with 
exogenous HA (Lin et al.，2007b). Moreover, HA should interact with other 
molecule, including CD44, to regulate axon routing through a specific mechanism 
which is disturbed by exogenous HA to cause abnormalities. This argument is 
supported by in vitro experiment showing that HA, which is present in soluble or 
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substrate-bound form, has no significant effects on the neurite growth from retinal 
explants (Lin et al., 2007b). Besides, the absence of CD44 staining in the retina and 
the optic stalk (Sretavan et al.，1994; Lin and Chan, 2003) and the colocalization of 
CD44 with HA staining on the chiasmatic neurons at the midline (Lin et al.，2007a) 
implies that HA interacts with CD44 to signal the HA/CD44 mechanism. 
Furthermore, perturbation of CD44 produces similar routing abnormalities in the 
uncrossed projection in El5 slices treated with blocking antibodies that bind to the 
HA binding domains of CD44 molecules (Lin and Chan, 2003), supporting that the 
mechanism of HA/CD44 complex is involved in the later development of the 
uncrossed projection. The formation of the uncrossed projection which is mediated 
by HA/CD44 complex is contributed by inhibiting or slowing down the growth of 
axons at the midline, so displacing the endogenous HA to bind onto CD44 by 
exogenous HA reduces the turning of axons to form the uncrossed projection (Lin et 
al., 2007b). 
On the other hand, anterograde labeling of the optic pathway reveals that 
exogenous HA or removal of HA by HAase reduces midline crossing in El3 slices 
(Lin et al.，2007b, Chan et al.，2007), when retinal axons start entering into the 
chiasm during early development (Colello and Guillery, 1990; Godement et al.， 
1990). The HA/CD44 complex is likely to allow or to promote midline crossing 
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rather than the reported inhibitory properties of CD44 shown on the retinal neurites 
(Sretavan et al” 1994). This difference may be due to the complicated environments 
of the developing mouse chiasm with different interactions between molecules that 
are mimicked by brain slices. Therefore, after interrupting the HA/CD44 mechanism, 
the positive effect on retinal axons may be masked by surrounding inhibitory 
molecules to inhibit the crossed axons, like chondroitin sulfate proteoglycans, 
Ephrins, Nogo and Sonic hedgehog in the chiasm (Chung et al., 2000a, 2000b; 
Trousse et a l , 2001; Williams et al., 2003; Wang et al., 2008a). It is unclear whether 
the HA/CD44 complex directly controls crossed and uncrossed axons or through 
interactions with other guidance cues to direct axon routing (Chan et al., 2007; Lin et 
al., 2007b). 
On the contrary, retrograde filling of retinal ganglion cells revealed that removal 
of HA by HAase does not reduce uncrossed projection in El5 slices. This is 
confirmed in El6 slices with the better developed uncrossed pathway (Chan et al.’ 
2007). Unlike the results showing obvious reduction in the uncrossed pathway by the 
perturbation of CD44 and the application of exogenous HA in slices, HA does not 
show significant influence on the formation of uncrossed pathway in this experiment 
(Chan et al., 2007). These apparently contradictory findings may be due to the 
incomplete digestion of HA by HAase although the concentration of HAase used in 
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this experiment has been shown to remove most detectable HA in the ventral 
diencephalon (Chan et al” 2007). Another explanation is that the HA/CD44 complex 
is not the most influencing guidance cue to regulate uncrossed projection. The 
complex may interact with or facilitate other inhibitory cues in the chiasm to regulate 
uncrossed axons (Lin and Chan, 2003; Chan et al., 2007; Lin et al., 2007b). One of 
the suggested molecules is chondroitin sulfate proteoglycans (CSPGs) which are 
expressed on the chiasmatic neurons at the midline (Chung et al., 2000a). It shows a 
reduction in the uncrossed projection after digesting chondroitin sulfate (CS) from 
the CSPGs with chondroitinase ABC in El5 mice (Chung et al., 2000b). It also 
shows an inhibition to the ventral temporal retina projecting uncrossed axons but not 
to the dorsal nasal retina projecting crossed axons after contacting with CS 
glycosaminoglycan in the explant culture (Cheung et al., 2005). The inhibition on the 
uncrossed pathway and the same spatial distribution imply that the HA/CD44 
complex may interact with CSPG to regulate retinal axons to form the uncrossed 
projection (Chan et al., 2007; Lin et al., 2007b). Apart from CSPGs, some other 
possible molecules are heparan sulphate and fibroblast growth factor receptors which 
are also localized in the midline regions of the developing mouse chiasm (Chung et 
al” 2001; Lin et a l , 2002). Nogo and Ephrins are some of the studied inhibitory 
molecules in regulating axon divergence (Williams et al., 2003; Wang et al., 2008b), 
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supporting that multiple cues are present in the chiasm to direct axon routing. These 
guidance cues, including HA/CD44 complex, are very important to the correct routes 
of retinal axons. 
Therefore, HA regulates retinal axons crossing the midline by interacting with 
CD44 during the early development and the HA/CD44 complex probably interacts 
with other molecules in forming the uncrossed projection at later development (Chan 
et al., 2007; Lin et al., 2007b). 
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Figures 
Figure 1: Retrograde filling of the retinal ganglion cells revealed that the uncrossed 
projection was reduced in El5 slices after treatment with exogenous hyaluronan. 
Confocal photomicrographs showed whole-mount retinae which were retrogradely 
labeled with Dil. Dorsal (D) is to the top while temporal (T) is to the right. The optic 
disk was indicated by an asterisk. (A-B) In control slices, ipsilaterally labeled retinal 
ganglion cells were scattered throughout the whole retina and the ventral temporal 
crescent (marked by dash line) was not well developed. (C-D) In slices treated with 
exogenous hyaluronan, obvious reduction was observed on the number of labeled 
ganglion cells that projected uncrossed axons. 







Figure 2: Retrograde filling of the retinal ganglion cells revealed that the uncrossed 
projection was reduced in El6 slices after treatment with exogenous hyaluronan. 
Confocal photomicrographs showed whole-mount retinae which were retrogradely 
labeled with Dil. Dorsal (D) is to the top while temporal (T) is to the right. The optic 
disk was indicated by an asterisk. (A-B) In control preparations, stained retinal 
ganglion cells were scattered throughout the whole retina. A clear ventral temporal 
crescent was observed at periphery (marked by dash line). (C-E) The number of 
ipsilaterally projecting ganglion cells was significantly reduced in slices treated with 
exogenous hyaluronan. 






Figure 3: Charts showing the number of labeled ipsilaterally projecting cells from 
nasal retina, temporal crescent or both. Mann-Whitney nonparametric test was used. 
Asterisk indicated the significant difference with P < 0.05. (A) At El5, number of 
retrogradely labeled cells was significantly reduced after treatment with exogenous 
hyaluronan. This reduction was mainly contributed by the reduction of cells from 
nasal retina (P < 0.05). (B) At El6，quantitative measurements also showed a 
significant reduction on retrogradely labeled cells from both nasal retina and 
temporal crescent (P < 0.05). 
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Figure 4: Confocal photomicrographs showing the arrangement of SSEA-1-positive 
chiasmatic neurons in El5 retina was not affected by exogenous hyaluronan. (A) In 
control, SSEA-1 staining in horizontal section was observed on neurons at the 
midline (indicated by empty arrow), the optic tract (indicated by arrows) and the 
regions caudal to the route of retinal axons (bound by dash line). (B) After treatment 
with exogenous hyaluronan, no significant change of the position of chiasmatic 
neurons was observed, showing similar SSEA-1 staining as control. (C-D) Staining 
of SSEA-1 in frontal sections confirmed that there was no significant change of array 
of SSEA-1 chiasmic neurons after treatment. 
Scale bar: 200 \xm. 
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Figure 5: Retrograde filling of the retinal ganglion cells revealed that the uncrossed 
projection was not affected after removal of hyaluronan with hyaluronidase in El5 
slices. Confocal photomicrographs showed whole-mount retinae which were 
retrogradely labeled with Dil. Dorsal (D) is to the top while temporal (T) is to the 
right. The optic disk was indicated by an asterisk. (A) In control slices, stained retinal 
ganglion cells were scattered throughout the whole retina and only a few stained cells 
were located at ventral temporal crescent (marked by dash line). (B-D) Removal of 
hyaluronan did not significantly change the number of stained ipsilaterally projecting 
neurons. 




Figure 6: Retrograde filling of the retinal ganglion cells revealed that the uncrossed 
projection was not affected after removal of hyaluronan with hyaluronidase in El6 
slices. Confocal photomicrographs showed whole-mount retinae which were 
retrogradely labeled with Dil. Dorsal (D) is to the top while temporal (T) is to the 
right. The optic disk was indicated by an asterisk. (A) In control slices, stained retinal 
ganglion cells were scattered throughout the whole retina and a clear ventral 
temporal crescent was observed (marked by dash line). (B) Removal of hyaluronan 
did not significantly change the number of stained ipsilaterally projecting neurons in 
El6 slices. 
Scale bar: 200 ^m. 
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Figure 7: Charts showing the number of labeled ipsilaterally projecting cells from 
nasal retina, temporal crescent or both. Mann-Whitney nonparametric test was used. 
(A-B) At El 5 and El6, there was no significant difference on the number of stained 
ganglion cells between control and HAase-treated slices in both nasal retina and 
temporal crescent (P > 0.05). 
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Figure 8: The optic pathway in both El5 and El6 slices was completely labeled with 
Dil dye. Confocal photomicrographs showing whole-mount retinae which were 
retrogradely labeled. Dorsal (D) is to the top while temporal (T) is to the left. The 
retina which was contralateral to the labeled optic tract was backfilled with Dil dye 
and ganglion cells were stained extensively throughout the whole retina, ensuing 
complete labeling of the optic pathway. No significant reduction of the staining was 
observed after treatment, suggesting that both hyaluronan and hyaluronidase did not 
lead to retardation of retinal axons. 





















Characterization of Nogo and its receptor 
in retinofugal pathway using Western blot 
analysis 
Introduction 
Nogo, a member of reticulon family, is inhibitory to regeneration of injured 
adult central nervous system (Chen et al., 2000). In a recent report, our laboratory 
has found that Nogo was predominantly expressed on radial glial cells in the retina 
and the diencephalon of mouse embryos (Wang et al , 2008a). In the retina, most 
Nogo-positive cells are Vimentin-positive and Nogo protein is predominantly 
localized in the processes of Muller glial cells throughout the whole thickness of the 
retina (Wang et al., 2008a). Nogo protein is also localized on RC2-positive radial 
glial cells in the diencephalon and their extensive processes are present in the optic 
axon layer at the midline. Besides, its receptor, Nogo-66 receptor (NgR), is localized 
on retinal axons in the optic stalk and the optic tract which are both Nogo negative 
(Wang et al., 2008a). Hence, Nogo on radial glia may be involved in axon routing in 
the chiasm by interacting with NgR on axons in the developing mouse retinofugal 
pathway. 
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In functional tests, Nogo has been shown to inhibit retinal neurite outgrowth in 
vitro so that most neurites grow around the spot of Nogo peptides (Wang et a l , 
2008b). In the brain slice culture, there is a significant reduction in the uncrossed 
projection after adding NEPl-40，an antagonist of NgR, to block Nogo functions 
(Wang et al.，2008b). Midline crossing is not affected. In coculture assays in which 
retinal explants from ventral temporal (VT) or dorsal nasal (DN) quadrant were 
grown together with chiasm, NgR was found significantly downregulated on DN 
neurites after contacting the chiasm outgrowths (Wang et al., 2008b). NgR 
expression on VT axons remained unchanged, and so respond to the Nogo protein on 
processes of the chiasm cells which may underlie their behaviours at the chiasmatic 
midline (Wang et al., 2008b). Therefore, Nogo is involved in directing the axonal 
growth and patterning of bilateral projection through differential expression of NgR 
(Wang et al., 2008b). 
There are three major spliced isoforms of Nogo which are Nogo-A, Nogo-B and 
Nogo-C (Chen et al., 2000; GrandPre et a l , 2000). They all share a conserved 
domain of 188 amino acids at the carboxyl terminus which binds to Nogo-66 
receptor (NgR) with 66 amino acids loop (Nogo-66) in between two hydrophobic 
regions. Nogo-A is the largest isoform and it has a shared amino terminus with 
Nogo-B which has no unique domain. All three isoforms are expressed in the central 
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nervous tissues while Nogo-A is also localized on neurons in embryos and adult mice 
(Huber et al., 2002; Tozaki et al., 2002). 
However, up to now, we still do not know which isoform of Nogo participates in 
axon patterning in the development of mouse retinofugal pathway. As a result, in this 
report, I have discussed my findings showing protein expression of Nogo isoforms in 
various brain tissues. 
Materials and Methods 
Animals 
The experimental procedures were approved by the Animal Ethics Committee 
of the Chinese University of Hong Kong (CUHK). Time-mated mice (C57 BL/6J) 
were provided by the Laboratory Animals Services Center of CUHK. Embryonic day 
(E) 0 was assigned to the day when a vaginal plug was found. Pregnant mice were 
killed by cervical dislocation and their embryos were taken out by Caesarean section. 
Immunohistochemistry 
The heads (El4) were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer 
at pH 7.4. They were embedded in gelatin-albumen mixture and were sectioned 
either horizontally or frontally into lOOjxm thick sections using a vibratome. 
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In order to study the expression patterns of Nogo, it was detected by the N-18 
antibody (polyclonal goat IgG; 1:100; Cat No. sc-11027; Santa Cruz Biotechnology, 
USA). The N-18 antibody is able to detect the N-terminus of Nogo-A and - B peptide 
(Kim et al.，2003). RC2 marker recognizing intermediate filament associated protein 
of radial glial cell (Mission et al., 1988; Marcus and Mason, 1995; Chanas-Sacre et 
al., 2000; mouse IgM; 1:10; DSHB, USA) was used along with the N-18 antibody. 
Sections containing the retinofugal pathway were collected for following 
immunostaining procedures. 
The sections were washed with O.IM PBS for 15 minutes and then they were 
blocked with 10% normal donkey serum in O.IM PBS with 0.1% Triton X-100 for 2 
hours at room temperature followed by incubation with the N-18 antibody, which 
was diluted in O.IM PBS with 0.1% Triton X-100, overnight at 4°C. RC2 was added 
together for double staining. After primary antibody incubation, the sections were 
incubated with corresponding secondary antibodies for 2 hours at room temperature. 
These secondary antibodies are: 1) Cyanine 3 (Cy3) conjugated donkey anti-goat IgG 
(1:100; Cat No. 712-165-147; Jackson Immunoresearch, USA) for N-18 antibody; 2) 
Fluorescein isothiocyanate (FITC) conjugated donkey anti-mouse IgM (1:100; Cat 
No. 715-096-020，Jackson Immunoresearch, USA) for RC2 marker if it was added. 
These secondary antibodies were also diluted in O.IM PBS with 0.1% Triton X-100. 
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The sections were washed with O.IM PBS 3 times in 45 minutes after primary and 
secondary antibodies incubation. After that, the sections were mounted on glass slide 
and the fluorescent signals were captured by confocal microscopy (FV300, Olympus, 
Japan). 
Coculture assay 
To mimic the conditions in developing chiasm, the retinal explants (El4) were 
cocultured with the chiasm explants. 
Eyes of E14 embryos were taken out with marked orientation. Then, the cornea, 
lens, vitreous humor and pigmented epithelium were removed. The retina was then 
flattened and its periphery was cut into small pieces. Explants were collected from 
the dorsal nasal (DN) and ventral temporal (VT) quadrants of the retinae. At the same 
time, the chiasm locating at the ventral diencephalon was dissected and it was cut 
into small pieces. Chiasm explants with DN and VT explants surrounded were placed 
on 12.5|ig/ml laminin and 25^g/ml poly-L-lysine coated coverslips (all from Sigma 
Co, USA). After they had attached on the slips, they were cultured in Dulbecco's 
modified Eagle's medium (DMEM)/F12 medium containing penicillin (lOOOU/ml) 
and streptomycin (1000|Lig/ml) for 18 hours at 37°C and the culture medium was 
supplemented with Nl , 1% bovine serum albumin and 0.4% methylcellulose (all 
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from Sigma Co, USA). After culture, they were fixed with 4% paraformaldehyde for 
1 hour and washed with PBS 3 times in 45 minutes. Similar to immunohistochemical 
procedures mentioned above, they were stained with the N-18 antibody and followed 
by FITC conjugated secondary antibody before examining under confocal 
microscope (FV300, Olympus, Japan). Negative control experiments with the 
absence of primary antibodies were performed and no obvious staining was detected. 
Standard Western blot protocol 
Western blot analysis was used to examine the Nogo isoform, which is 
participating in the developing mouse retinofugal pathway, by using the N-18 
antibody. First, protein samples with minimal protein degradation were prepared. 
Second, protein assay was used to estimate the concentration of extracted proteins. 
Then，the samples were used in immimoblotting. 
1) Preparation of Protein samples 
Fresh tissues which were E14 and adult neural retina, E14 ventral diencephalon 
and adult spinal cord were collected as quickly as possible and they were kept in ice 
bath. After washing with sterile O.IM PBS in pH 7.4, tissues were frozen in liquid 
nitrogen. Tissues from about 25 embryos and 3 adults were collected for about 4-5 
experiments. After accumulating adequate tissues, 1 volume tissue sample was lysed 
4 5 
by 1 volume of IX RIPA lysis buffer (Cat No. 20-188; Millipore Co, USA) 
containing IX complete Protease Inhibitor Cocktail (Cat No. 04693124001; Roche 
Co, Switzerland). The lysis buffer composed of 0.5M Tris-HCl, pH 7.4, 1.5M NaCl, 
2.5% deoxycholic acid, 10% NP-40 and lOmM EDTA (Millipore Co, USA) while 
the cocktail containing a mixture of protease inhibitors inhibiting serine proteases， 
cysteine proteases and metalloproteases (Roche Co, Switzerland). After incubating 
the tissue samples with lysis buffer for about 30 minutes in ice bath, tissues were 
homogenized using a motor homogenizer (Cat No. 74954-00000; Kontes, USA). The 
homogenized lysate was centrifuged at 13,200 rpm for 30 minutes and the 
supernatant was collected. Then, the extracted proteins were used for protein assay or 
stored in -80°C fridge. 
2) Protein Assay 
Concentration of extracted proteins was estimated by Bio-rad DC Protein Assay 
kit (Cat No. 500-0112; Bio-Rad, USA). This is a colorimetric assay with the reaction 
similar to Lowry assay. Following the protocol of DC protein assay kit (Bio-Rad, 
USA), alkaline copper tartrate solution was added to protein sample (0.2-1.5 mg/ml) 
followed by Folin reagent to produce blue color (Lowry et al., 1951; Bio-Rad，USA). 
After 15 minutes for color development, the optical density of the mixture was 
measured at 655nm. Using bovine serum albumin (Cat No. A9418; Sigma Co, USA) 
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standard curve, concentration of each protein sample was calculated. 
3) Immunoblotting 
Western blot assay is divided into three parts. First part is separating proteins in 
Mini-PROTEAN 3 cell (vertical system; Cat No. 165-3301) and then transferring 
proteins onto membrane in Mini Trans-Blot electrophoretic transfer cell (wet-blot; 
Cat No. 170-3935). Sensitive chemiluminescent detection system is used to visualize 
the probed proteins by using substrates of Horseradish Peroxidase (HRP). 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel 
was prepared by following Bio-Rad's protocol. 7% resolving gel and 5% stacking gel 
was prepared after 45 minutes solidification for each. The gel was composed of water, 
30% Acrylamide/Bis Solutions (37.5:1 mixture; Cat No. 161-0158; Bio-Rad，USA), 
1.5M Tris-HCl at pH8.8 for resolving gel (Cat No. T1503; Sigma Co, USA), 0.5M 
Tris-HCl at pH 6.8 for stacking gel (Cat No. T1503; Sigma Co, USA), SDS (Cat No. 
L4509; Sigma Co, USA), ammonium persulfate (Cat No. A9164; Sigma Co, USA) 
and A^,MA^,A^-Tetramethylethylenediamine (TEMED; Cat No. T7024; Sigma Co, 
USA). Then, protein samples were denatured with IX loading buffer (Cat No. R0891; 
Fermentas International Inc, Canada) containing 0.313M Tris-HCl at pH6.8, 
10%SDS, 0.05% bromophenol blue, 50% glycerol and 2M dithiothreitol (DTT) at 
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95�C for 5 minutes followed by ice bath cooling. Protein samples (100|Lig in each 
lane) were loaded simultaneously with Precision Plus Protein Standard Dual Color, 
which is a ladder made of 10 recombinant proteins with molecular weights 10, 15，20, 
25, 37, 50, 75，100, 150 and 200 kDa (Cat No. 161-0374; Bio-Rad, USA), to mark the 
molecular weights of proteins. Proteins were separated in SDS-PAGE gel in 
Laemmli buffer system at 80V for first 30 minutes and then at lOOV for later 1.5 
hours. Running buffer contained water, Tris base (Cat No. T1503; Sigma Co, USA), 
glycine (Cat No. G8898; Sigma Co，USA) and SDS. After that, proteins were 
transferred onto 0.2|im nitrocellulose membrane (Cat No. 162-0146; Bio-Rad, USA) 
by using a gel sandwich at lOOV for 1.5 hours inside ice bath. The sandwich order 
was anode, fiber pad, filter paper, membrane, gel, filter paper, fiber pad and then 
cathode (all from Bio-Rad). Transfer buffer at pH 8.3 contained water, 25mM Tris, 
192mM glycine, 0.1% SDS and 20% methanol. The blotted membrane was then 
blocked by 5% non-fat dry milk (Cat No. 170-6404; Bio-Rad, USA) in Tris Buffered 
Saline (TBS; containing Trizma base and sodium chloride at pH 7.6) with 0.1% 
tween-20 (TTBS) for 2 hours in room temperature. Then, 1:1000，1:5000 or 1:10000 
N-18 was added into blocking buffer to continue incubation at 4°C overnight. After 
washing the membrane with TTBS 3 times within 45 minutes, 1:10000 goat 
anti-rabbit IgG conjugated with Horseradish Peroxidase (Cat No. 305-035-003; 
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Jackson Immunoresearch, USA) in blocking buffer was used to incubate the 
membrane for 2 hours in room temperature. Then, the membrane was washed with 
TTBS 3 times in 45 minutes followed by TBS washing 2 times within 15 minutes. 
The membrane was then developed with ECL Advance Western Blotting detection 
kit (Cat No. RPN2135; Amersham, Sweden). The signals were visualized on 
Lumi-Film Chemiluminescent Detection Film (Cat No. 11666657001, Roche Co, 
Switzerland) after exposing in automated X-ray film developers (Kodak, USA). 
Western blot using GenScript Western Optimization Kit 
Western Optimization kit is claimed to be able to improve high background and 
non-specific bands (Cat No. L00259; GenScript Co, USA). The procedures were the 
same as standard protocol until the blocking step. Blocking reagents which are 
formulated buffers called Pretreat A-a and Pretreat B solutions were used to block the 
membrane for 5 minutes (GenScript Co, USA). Then, the membrane was rinsed with 
wash solution (GenScript Co, USA) twice. Mixture 1 solution, which was prepared 
by incubating 0.2|ig/ml N-18 in WB-1 solution for 40 minutes, was used to incubate 
the membrane overnight at 4°C together with WB solution (GenScript Co, USA). 
After washing the membrane with wash solution 3 times in 30 minutes, LumiSensor 
Plus Chemiluminescent HRP Substrate Kit (GenScript Co, USA) was added to 
develop the membrane and to visualize signals. Detection procedures were same as 
4 9 
above. Compared with N-18 labeling, preabsorbed N-18 antibody with 1:5 
blocking peptide (4.83 ^ig/ml; Cat No. sc-11027P; Santa Cruz Biotechnology, USA) 
showed no obvious bands. 
Results 
Nogo expression in the mouse retinofugal pathway 
Consistent to previous report, Nogo protein was predominantly found on radial 
glial cells in El4 retinae (Fig. lA). These Nogo-positive cells with processes 
extending from ventricular surface to vitreal surface were probably developed into 
Miiller glial cells. Nogo staining was also observed in the optic disk (marked by 
asterisk in Fig. lA). In the ventral diencephalon, Nogo protein was localized on 
radial glial cell processes which were marked by RC2 antibody (Fig. IB-D). 
Co-culturing retinal explants and chiasm explants, Nogo protein was localized 
predominantly on the processes of chiasmatic cells but was weak in retinal explants 
(Fig. 2A-B). The staining pattern of Nogo was very similar to the previous report in 
our laboratory. 
Immunoblotting 
To investigate the isoforms of Nogo present in the retinae and the ventral 
diencephalon, Western blot analysis using N-18 was performed. 
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At the beginning, standard protocol of Western blot was used to identify the 
Nogo isoforms in central nervous tissues, which include El4 retina, ventral 
diencephalon, adult retina and spinal cord. In chemiluminescent results, some bands 
at approximately 230, 200 (solid box in Fig. 3A), 75 and 54 kDa (dash line box in 
Fig. 3A) were observed in all samples. However, the background was too high to 
show the bands at a good contrast. Lowering primary antibody concentration 10 
times reduced background effectively but it traded off band intensity (Fig. 3B). 
Therefore, a commercial kit was used to reduce background and non-specific 
labeling. 
Using Western Optimization kit (in five experiments), several prominent bands 
with low background were labeled by the N-18 antibody. In figure 4A, two 
prominent bands were consistently found between 150-250 kDa in all tissues (same 
as solid box in Fig. 3A). The lower band was located at around 200 kDa, 
corresponding to the reported molecular weight of Nogo-A protein. Consistent 
labeling of Nogo-A was observed in all tissues but was weakly labeled in the adult 
retina. Besides, a prominent band was observed at 54-kDa, that corresponds to the 
reported molecular weight of Nogo-B, was observed in the adult spinal cord, 
supporting that N-18 antibody can recognize both Nogo-A and -B. In contrast, there 
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was no 54-kDa band detected in the adult retina, El4 retina and ventral diencephalon 
but a band was consistently observed at about 37 kDa in these tissues. This might 
represent a short form of Nogo-B which was expressed in these tissues but was 
weakly expressed in adult spinal cord. Also, a prominent 75-kDa band was observed 
in all samples except the adult retina. The bands shown by this kit was very 
consistent in five experiments (Fig. 4B). 
To compare whether the kit itself would contribute to some non-specific bands, 
N-18 was pretreated with its immunogenic peptides before probing proteins on the 
membrane. No obvious bands were observed using the preabsorbed N-18 antibody 
(Fig. 5A). 
Discussion 
In this report, different isoforms of Nogo protein were investigated in the adult 
retinae, adult spinal cords, E14 retinae and E14 ventral diencephalon in mice using 
Western blot assay with N-18 antibody. The major findings include the following. 1) 
Nogo-A at approximately 200 kDa was observed in all tissues. 2) 54-kDa band of 
Nogo-B was only observed in the adult spinal cord. 3) A short form of Nogo-B at 
about 37 kDa was suggested and it was found in all tissues. These findings suggest 
that Nogo proteins found in the developing mouse retinofugal pathway are Nogo-A 
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and a short form of Nogo-B. 
From results of the western blot assay using standard protocol, it showed the 
bands in a low contrast with high background. These may be due to the weak 
expression of Nogo protein in the tissues and the low affinity of N-18 antibody to 
Nogo protein. 
To enhance the signals, I have tried to increase total proteins blotted onto the 
membrane. This was done by lengthening the blotting time and increasing the 
amount of extracted proteins (100 |ag) loaded in each lane. Also, 0.1% SDS was 
added in the transfer buffer to enhance the efficiency in blotting high molecular 
weight proteins in wet-blot (Bumette, 1981). Using more sensitive X-ray film and 
chemiluminescent detection reagents can enhance Nogo signals but lead to higher 
background. 
The low affinity of N-18 antibody and non-specific binding of secondary 
antibody may account for the high background and non-specific labeling. Testing the 
best from various types of blocking reagents，adjusting concentrations of the primary 
and secondary antibodies and using nitrocellulose membrane instead of 
polyvinylidene difluoride have proved to be effective in this study to reduce 
background and non-specific labeling. 
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However, although we have used these strategies to maximize the staining, 
these methods cannot solve the problems of low contrast and high background. 
Therefore, we employed the Western Optimization Kit (GenScript Co, USA) with 
formulated pretreat solutions containing a mixture of blocking reagents to visual 
Nogo protein in the blots. This kit utilizes chemiluminescence of HRP substrates but 
addition of Horseradish Peroxidase conjugated secondary antibody is not needed 
(GenScript Co, USA). No band was observed using N-18 which has been pretreated 
with blocking peptides, showing that the kit itself does not contribute any 
non-specific labeling. Furthermore, all bands labeled by this kit are also observed in 
previous assays at the molecular weights of 230ka, 200 kDa (solid line box in Fig. 
3A), 75 kDa, 54 kDa (dash line box in Fig. 3A) and 37 kDa (circle in Fig. 3A). This 
further supports that all bands visualized by the kit come solely from N-18. 
N-18 antibody is raised against a peptide mapping the Nogo N-terminus of 
human origin (Santa Cruz Biotechnology, USA), so it recognizes the common 
N-terminal amino acid sequence within the first 50 amino acid of Nogo-A and 
Nogo-B (Kim et al.，2003). Its specificity is also proved by our Western blot analyses. 
In adult spinal cord, N-18 antibody recognizes Nogo proteins at approximately 200 
kDa and 54 kDa (Wang et al., 2008a) which are the reported molecular weights of 
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Nogo-A and Nogo-B, respectively (Huber et al., 2002; Kim et al., 2003). In adult 
retina, E14 retina and E14 ventral diencephalon, a consistent Nogo-A band is 
observed at around 200 kDa but Nogo-B band at about 54 kDa is not found (Wang et 
al., 2008a). However, there is a very prominent band found in these tissues at about 
37 kDa which is the predicted molecular weight of Nogo-B (Chen et al., 2000) with 
little or no post-transcriptional modification (Pan et al, 2006). The 37 kDa Nogo-B 
was reported in human endothelial cells (Acevedo et al., 2004) and mouse 
endothelial cells (Pan et al., 2006), supporting this band at 37 kDa is a short form of 
Nogo-B (Wang et al., 2008a). Some unknown bands which are recognized at about 
230 kDa and 75 kDa are not surprising as N-18 is a polyclonal antibody (Wang et al , 
2008a). Nevertheless, we cannot rule out the possibility that 75 kDa may represent 
the degradation products of Nogo-A. Both Nogo-A and - B isoforms may also be 
aggregated themselves or with other proteins, resulting larger proteins with 75 kDa 
and 230 kDa that are resistant to SDS disaggregation. Hence, both Nogo-A and 
Nogo-B are found in adult spinal cord while both Nogo-A and a short of Nogo-B are 
found in the adult retina, embryonic retina and ventral diencephalon (Wang et al., 
2008a). 
In our previous report showing immunohistochemistry with the N-18 antibody, 
Nogo protein is predominantly localized on Miiller glia cells in the retina and radial 
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glial cells in the ventral diencephalon in mouse embryos (Wang et al., 2008a). Nogo 
staining is also found only in few immature neurons which are located in the 
ventricular layer and peripheral margin zones in El3 retinae (Wang et al., 2008a). 
Nogo staining in these tissues should be contributed by both Nogo-A and a short 
form of Nogo-B protein as shown in this study. However, Nogo staining in our result 
is different from those in previous reports, showing that Nogo-A/B transcripts and 
proteins were found in all neuronal cell types in embryonic retinae (Huber et al., 
2002). Nogo-A staining has been shown on the retinal ganglion cells, optic stalk and 
optic axons in mouse embryos using the Nogo-A specific antibody (Tozaki et al., 
2002). Although staining with N-18 antibody was observed on some immature 
neurons, it was not observed on the ganglion cells and axons (Wang et al., 2008a). 
The key factor leading to these different staining patterns may be the different Nogo 
antibody used. Nevertheless, we have shown that Nogo-A is localized in the retinae 
of mouse embryos using Western blot assay with N-18 antibody, and in addition to 
this, a short form of Nogo-B which might not be shown in previous studies. It can be 
concluded that Nogo proteins are predominantly localized in the Muller glia in the 
retinae and the radial glial cells in the ventral diencephalons in mouse embryos but 
its localization in neurons cannot be ruled out (Wang et al , 2008a). 
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Figures 
Figure 1: Confocal photomicrographs showing localization of Nogo in sections of 
embryonic mouse retina (R) in El4. (A) Nogo protein was predominantly found on 
the processes of radial glial cells in the retina (R). Strong labeling was also observed 
in the optic disk (marked by asterisk). (B-D) It was also largely localized on the 
processes of RC2-positive radial glial cells in the ventral diencephalon. These 
processes were invading into the optic axon layer in optic tract (OT). 




Figure 2: Confocal photomicrographs showing localization of Nogo in the coculture 
of retinal explants and chiasm explants at El5. (A-B) Dorsal nasal retinal explants 
(DN) and ventral temporal retinal explants (VT) were placed around chiasm explants 
(OC). Nogo was largely localized in the processes of chiasm and these were probably 
radial glial cells processes. Only weak signals were found in retinal explants. 
Scale bar: 200|am. 
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Figure 3: Western blot analysis showing staining of Nogo by using N-18 in the 
extracted proteins of adult spinal cord (ASC), adult retina (AR), E14 retina (ER) and 
E14 ventral diencephalon (EVD). (A) The results were not clear and the background 
was very heavy. Two quite obvious bands could be found between 150-250 kDa in 
all samples (indicated by solid box).The lower one should be Nogo-A with reported 
molecular weight 200 kDa. An obvious band could also be found at about 75 kDa. 
Besides, a weaker labeled band was observed at the position a bit above 50 kDa in all 
samples (indicated by dash line box). At 37 kDa, it was too blurred to find a band 
even though signals were shown there (indicated by circle). (B) Comparing dilutions 
of N-18 at 1:1000, 1:5000 and 1:10000，this figure showed that 1:10000 dilution 
gave the best background control，but band intensity was traded off. 
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Figure 4: Western blot analysis using Western Optimization kit showed Nogo 
isoforms staining by N-18 in samples of adult spinal cord (ASC), adult retina (AR), 
El4 retina (ER) and El4 ventral diencephalon (EVD). (A) It can effectively remove 
background and non-specific bands. Two prominent bands were consistently found 
between 150-250 kDa in all samples. The lower band is probably Nogo-A at around 
200 kDa (marked) and it is much weaker in adult retina. A prominent band was found 
at about 75 kDa in all tissue samples except the adult retina. At approximate 54 kDa 
position, a prominent band of putative Nogo-B (marked) was found in the adult 
spinal cord only. At lower position around 37 kDa, a very prominent band of 
suggested shorter Nogo-B was found in all samples except a much weaker band in 
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Figure 5: Western blot analysis using Western Optimization kit showed Nogo 
isoforms staining by N-18 pretreated with blocking peptide in samples of adult retina 
(AR), El4 retina (ER) and El4 ventral diencephalon (EVD). It showed that no bands 
were labeled after incubated with preabsorbed N-18 while bands were clearly labeled 
by N-18 without treated with blocking peptides in the same experiment. 
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Chapter 4 
Expression patterns and functions of Sonic 
hedgehog in the mouse retinofugal pathway 
Introduction 
Sonic hedgehog (Shh) is one of three mammalian homologues belonging to the 
Hedgehog (Hh) protein family. Recent studies have shown that Shh is involved in 
axon guidance. This makes the story of axon guidance become more complicated as 
Shh is a classical morphogen interacting with various binding proteins in many 
different tissues (Ingham and McMahon, 2001). The major receptor of Shh is 
Patched (Ptch) with a downstream signal transducer called Smoothened (Smo). The 
typical signaling pathway is Shh-Ptch-Smo signaling pathway. 
In chicks, it has been demonstrated that Shh inhibits retinal neurite growth by 
collapsing and retracting growth cones (Trousse et al., 2001). Over-expression of Shh 
in the ventral midline reduces largely axon crossing at the chick chiasm (Trousse et 
al., 2001). Moreover, Shh is important to guide axons of retinal ganglion cells (RGCs) 
to the optic disk (Kolpak et al., 2005). It has been shown that Shh interacts directly 
with growth cones to inhibit retinal neurite growth at high concentrations but to 
promote neurite growth at low concentrations (Kolpak et al., 2005). In Pax2 mutant 
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mice，ectopic expression of Shh in the chiasm resulted in a failure of axon crossing at 
the midline; all axons in these mutants formed the ipsilateral optic tract (Torres et a l , 
1996). However, Shh is down-regulated in the wild-type chiasm to allow midline 
crossing (Torres et al., 1996). On the contrary, Shh acts as a chemoattractant exerting 
additional attraction to the commissural axons before crossing the ventral midline in 
the developing mouse spinal cord (Charron et al” 2003). The roles of Shh in the 
developing mouse chiasm are still unclear. 
Previous findings in our laboratory have suggested that Shh might have roles in 
regulating midline crossing and directing axons to the contralateral optic tract (Hao 
et al., 2007). In slice culture of the optic pathway, blocking Shh signaling with 
cyclopamine, an inhibitor of Smo, produces abnormalities on axon routing in the 
chiasm. At El3, it was reported that there is a significant reduction in midline 
crossing and some crossed axons are misrouted to the contralateral optic stalk after 
blocking Smo (Hao et al., 2007). In cyclopamine treated E14 and El5 brain slices, 
the abnormal routings are further enhanced, leading to an enlargement of the 
inter-retinal projection but without significantly affecting midline crossing (Hao et al.， 
2007). These findings support a role of Shh in guiding retinal axon growth in the 
developing mouse optic chiasm. 
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In this report, I have illustrated the expression pattern of Shh in the developing 
mouse retinofugal pathway using various antibodies specific for N-Shh from early 
prenatal to perinatal stages. Some preliminary results about the effects of N-Shh to 
retinal neurites will also be described. 
Materials and Methods 
Animals and tissue preparations 
The experimental procedures were approved by the Animal Ethics Committee 
of The Chinese University of Hong Kong. Time-mated mice (C57 BL/6J) were 
obtained from the University Laboratory Animals Services Center. Embryonic day (E) 
0 was assigned to the day that a vaginal plug was found. Pregnant mice were killed 
by cervical dislocation and their embryos (from El3-18) were taken out by 
Caesarean section. Eyes (El8, PO and adult) and heads (E13-E17) were fixed in 4% 
paraformaldehyde in O.IM phosphate buffer at pH 7.4. The tissues were embedded in 
gelatin-albumen mixture and were sectioned either horizontally or frontally into 
lOOfim sections using a vibratome. The sections containing the optic pathway from 




In order to study the expression patterns of Sonic hedgehog protein (Shh), Shh 
was detected by: 1) rat anti-N-Shh [monoclonal rat IgQ 1:100; Cat No. MAB464, 
Research & Diagnostics Systems (R&D), USA]; 2) 5E1 [monoclonal mouse IgG, 
1:100; Developmental Studies Hybridoma Bank (DSHB), USA]; and 3) H-160 
(polyclonal rabbit IgG, 1:100; Cat No. sc-9024, Santa Cruz Biotechnology, USA). 
The first two antibodies have been shown to detect Shh precursor and amino terminal 
Shh peptide (Ericson et al., 1996; Suzuki et al., 2005; Banziger et al., 2006). H-160 is 
raised against 41-200 amino acid residues of Shh peptide (Sheng et al.，2004). 
Sections containing the neural retina, optic disk, optic stalk, optic chiasm and optic 
tract were collected for following immunostaining procedures. The sections were 
washed with O.IM PBS for 15 minutes and then they were blocked with 10% normal 
donkey serum in O.IM PBS with 0.1% Triton X-100 for 2 hours at room temperature, 
followed by incubation with Shh antibody, which was diluted in O.IM PBS with 
0.1% Triton X-100, overnight at 4�C. After primary antibody incubation, the sections 
were incubated with corresponding secondary antibodies conjugated with Cyanine 3 
(Cy3) for 2 hours at room temperature. These secondary antibodies are: 1) Cy3 
conjugated donkey anti-rat IgG (1:100; Cat No. 712-165-153, Jackson 
Immunoresearch, USA) for rat anti-N-Shh (R&D); 2) Cy3 conjugated donkey 
anti-mouse IgG (1:100; Cat No. 715-166-151, Jackson Immunoresearch, USA) for 
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5E1; or 3) Cy3 conjugated donkey anti-rabbit IgG (1:100; Cat no. 711-166-152, 
Jackson Immunoresearch, USA) for H-160. These secondary antibodies were also 
diluted in O.IM PBS with 0.1% Triton X-100. The sections were washed with O.IM 
PBS 3 times in 45 minutes after primary and secondary antibody incubation. After 
that, the sections were mounted on glass slides and fluorescent signals were captured 
by confocal microscopy (FV300, Olympus, Japan). Negative control experiments 
with the absence of primary antibodies were performed and no obvious staining was 
detected. Unless specified, sections in the figures showing Shh signals were all 
labeled with the rat anti-N-Shh (R&D) antibody. 
Double staining of Shh together with neuronal or glial cell markers 
To determine cellular identity of the Shh positive cells, some sections were 
double stained with neuronal or radial glial cell markers. These markers were: 1) 
TuJl for beta Ill-tubulin in neurons (Brittis and Silver, 1994; mouse IgG2a, 1:500; 
Cat No. ab 14545, Abeam, UK); 2) RC2 for intermediate filament associated protein 
of radial glial cells (Mission et al., 1988; Marcus and Mason, 1995; Chanas-Sacre et 
al., 2000; mouse IgM，1:10; DSHB, USA); 3) Vimentin for class III intermediate 
filament protein ofMtiller glial cells (Drager et al., 1984; mouse IgM, 1:100; Cat No.: 
MAB1681, Chemicon, USA) and 4) Stage-specific embryonic antigen (SSEA-1) 
(Solter and Knowles, 1978; mouse IgM, 1:5; Cat No. MC-480, DSHB, USA) for 
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chiasmatic neurons (Marcus and Mason, 1995). The corresponding secondary 
antibodies are 1) FITC conjugated donkey anti-mouse IgG for TuJl (Cat No. 
715-096-151, Jackson Immunoresearch, USA); 2) FITC conjugated donkey 
anti-mouse IgM for RC2, Vimentin and SSEA-1 (Cat No. 715-096-020, Jackson 
Immunoresearch, USA). Sections containing the neural retina, optic disk, optic stalk, 
optic chiasm and optic tract were collected. The sections were washed with O.IM 
PBS for 15 minutes and then they were blocked with 10% normal donkey serum in 
O.IM PBS with 0.1% Triton X-100 for 2 hours at room temperature, followed by 
incubation with Shh antibody as well as another marker antibody, which were both 
diluted in O.IM PBS with 0.1% Triton X-100, overnight at 4°C. After primary 
antibodies incubation, the sections were incubated with secondary antibodies 
conjugated with Cy3 for Shh and with FITC for another marker for 2 hours at room 
temperature. The sections were washed with O.IM PBS 3 times in 45 minutes and 
were mounted on glass slides. The fluorescent signals were captured by confocal 
microscopy (FV300, Olympus, Japan). Some sections were incubated with 0.0003% 
4',6-Diamidino-2- phenylindole dihydrochloride (DAPI; Sigma Co，USA) solution in 
0.9% sodium chloride solution (NaCl) for 15 minutes before washing with 0.9% 
NaCl. Then, the sections were imaged by confocal microscopy (FVIOOO, Olympus, 
Japan). Negative control experiments were treated without primary antibodies, and 
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no obvious staining was observed. 
Retinal explant culture and staining of Shh on neurites and growth cones 
Retinal explant was used to examine the expression of Shh protein on neurites 
and growth cones and also to characterize the roles of Shh in axon growth. 
To culture the retinal explants, eyes of El4 embryos were taken out with 
marked orientation. The cornea, lens, vitreous humor and pigmented epithelium were 
removed. The retina was flattened and its periphery was cut into small pieces. 
Explants were collected from the dorsal nasal (DN) and ventral temporal (VT) 
quadrants of the retina. They were then placed on coverslips coated with 12.5|ig/ml 
laminin and 25|ig/ml poly-L-lysine (all from Sigma Co, USA). After they had 
attached, they were cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 
medium containing penicillin (lOOOU/ml) and streptomycin (lOOO^g/ml) 
supplemented with Nl , 1% bovine serum albumin and 0.4% methylcellulose (all 
from Sigma Co, USA) for 18 hours at 37°C. After culture, they were fixed with 4% 
paraformaldehyde for 1 hour and washed with PBS 3 times in 45 minutes. Similar to 
immunohistochemical procedures mentioned above, they were stained with rat 
anti-N-Shh (R&D) and then FITC conjugated secondary antibody before examining 
under confocal microscope (FV300, Olympus, Japan). 
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Retinal explant culture with soluble N-Shh peptides 
Preparation of El4 retinal explants was similar to the procedures mentioned 
above. At the start of the culture, 0.5|ig/ml, 2.5|Lig/ml, 5|ig/ml and 10|Lig/ml 
recombinant mouse N-Shh peptides (Cat No. 464-SH/CF; R&D) were added into the 
medium. Same volume of sterile PBS was added in control experiments. After 
culture and fixation, explants were mounted in 50% glycerol in PBS and were 
imaged with a Spot Advanced Image Analysis System (Diagnostic Instrument, Inc, 
USA) connected to an inverted microscope (ZEISS Axiovert 200, Germany). 
Neurites were imaged using high-power phase-contrast optics (ZEISS Plan-Neofluor, 
xlO, Germany). Following methods developed before (Cheung et al., 2005), the 
images were processed using PhotoShop 8.0 software (Adobe, USA) and the pixel 
intensity of retinal outgrowth was quantified using MetaMorph software (Universal 
Imaging Co, USA). Pixel intensity of neurites was measured and the data from 
various quadrants of the retina were compared using Mann-Whitney non-parametric 
test in the InStat software (GraphPad Co, USA). 
Results 
Expression of Shh in the retinae 
Shh proteins were detected using Shh antibodies in El3 mouse retinae (n=7), 
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the earliest age examined. The antibodies labeled some radially oriented cells in the 
neural retinae (Fig. 1 A). At high magnification, the staining was localized in the cell 
bodies of these neuroepithelial cells, which extend long processes that stretch from 
the vitreal surface to the pigmented epithelium (Fig. IB). Shh protein was also 
localized at the optic disk and the optic stalk, largely on the glial-like elements within 
these structures (Fig. IC and ID). Some labeling was observed in the ciliary margin 
zone (CMZ) at the peripheral retina, and in blood vessels, lens and pigmented 
epithelium (Fig. IC). 
At later stages of development, the staining changed and confined to inner 
regions of the neural retina. At E14 (n=5), the staining became very obvious in inner 
regions (postmitotic layer) when comparing with outer regions (neuroblast layer) of 
the retina (Fig. IE and IF). This postmitotic layer corresponds to the putative 
ganglion cell layer that contains the developing retinal ganglion cells and amacrine 
cells. Similar staining intensity was also found in the optic axon layer on the vitreal 
surface of the retina, optic disk and optic stalk, labeling axons within these structures 
(Fig. lE-G). This staining pattern was also observed in El5 retinae (n=3; Fig. IH). 
Strong signals were observed in the periocular mesenchyme. In El6 retinae, the 
staining was further restricted to the outer layer of the putative ganglion cell layer; 
weak labels were found in the other regions of the ganglion cell layer and in the 
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CMZ (n=4; Fig. 2A). At high magnification, strong signal was observed in a subset 
of cells and their processes in the outer layer of the putative ganglion cell layer (Fig. 
2B). This pattern was also observed at E17 (n=3; Fig 2C) and E18 (n=5; Fig. 2D). 
The outer fiber layer which is likely to develop into the inner plexiform layer was 
more distinctly labeled at El 8 (Fig. 2E). On postnatal day (P) 0, the inner plexiform 
layer formed a clear segregation between the ganglion cell layer and the inner 
nuclear layer (n=2; Fig 2F). Laminated staining pattern was also observed in the 
adult retinae (n=2) with most intense labeling in the optic axon layer, ganglion cell 
layer and inner plexiform layer (Fig. 2G). Prominent label was also observed at the 
fiber layer in the outer layer of the retina which should correspond to the outer 
plexiform layer. Weak staining was also observed in some cells in the inner nuclear 
layer (Fig. 2G). 
Identity of Shh-positive cells in the retinae 
To determine identities of these Shh-positive cells, retinae were double stained 
with antibodies against Shh and specific cell markers. 
In El3 retinae (n=3), a large number of Shh expressing cells was colocalized 
with Vimentin-positive radial glial cells, whose endfeet extend to the vitreal and 
ventricular surfaces (Fig. 3A-C). These double-labeled cells were observed in the 
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ciliary margin zone and in the Muller glia-like cells in the neural retina (Fig. 3C). 
Only a few cells with Shh staining was colocalized with TuJl (Fig. 3D-F), a neuronal 
marker. Some of these cells were present in the neuroblast layer while a few of them 
were present in the outer layer of the putative ganglion cell layer (Fig. 3F). 
However, the staining of Shh was changed from glia to neuron at later stages. In 
E14 retinae (n=4), the neuronal identity of Shh expressing cells was confirmed by 
TuJl antibody, which are located in the ganglion cell and optic fiber layers (Fig. 
4A-C). Similar staining pattern was also observed in El5 (n=3; data not shown), El6 
(n=2; Fig. 4D) and El8 retinae (n=5; Fig. 4E), and in PO retinae as well (n=2; data 
not shown). Fiber layer in the outer rim of the ganglion cell layer in El8 and PO 
retinae was also TuJl positive. These fibers probably represent the dendritic 
outgrowth of ganglion cells that form the inner plexiform layer. 
In adult retinae (n=2), with DAPI staining, the three cellular layers were readily 
identifiable; separating these are the two plexiform layers (Fig. 5B). Merged image 
(Fig. 5D and 5E) showed that Shh staining was colocalized with TuJl staining at the 
optic axon layer (indicated by asterisks), ganglion cell layer (GCL; indicated by 
empty arrows) and the inner plexiform layer (IPL) (see also Fig. 5A and 5C). 
Prominent label of Shh was also observed in the outer plexiform layer (OPL) while 
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weak labeling was observed in some cells in the inner nuclear layer (INL), which 
were TuJl negative (Fig. 5D and 5E). 
As a summary, we concluded that Shh protein is largely localized in radial glial 
cells at early developmental stages. The expression became predominantly localized 
in axons and cells in the GCL and IPL at later stages of development. Obvious 
labeling of Shh could also be observed in the INL and OPL of the adult retina. 
Expression of Shh in the ventral diencephalon, neurites and growth cones 
At El3 (n=4), when retinal axons first enter the chiasm, Shh was largely 
localized in an X-shaped array in horizontal sections of the ventral diencephalon 
(bound by dash line in Fig. 6A). In figure 6A, strong labeling was observed at 
ependymal cells in the ventricular zone (indicated by asterisks). Prominent staining 
was also observed in the axons at the optic stalk (indicated by arrows) and the 
anterior half of the X-shaped array that overlays the path of optic axons in the chiasm 
(bound by dash line). The staining became weak at the midline (indicated by empty 
arrow) but was prominent in the posterior half of the X-shaped array, caudal to the 
route of retinal axons in the chiasm (bound by dash line). This posterior array is 
similar to the inverted V-shaped arrangement of chiasmatic neurons, which are 
labeled by SSEA-1 antibody (n=4; Fig. 6B-D). Cell bodies and processes of all 
73 
SSEA-1-positive chiasmatic neurons were colocalized with Shh-positive cells (Fig. 
6E-G). 
However, the expression pattern is again different at later stages of development. 
At El4 (n=4), when more retinal axons are present in the chiasm, Shh staining was 
most prominent in the optic stalk and the optic tract but was weak at the midline of 
the chiasm (Fig. 7A and 7B). Labeling was also observed in cells surrounding the 
optic stalk, optic chiasm and optic tract (Fig. 7A and 7B). Similar staining was 
observed at El5 (n=2; Fig. 7C). The changing pattern was confirmed in frontal 
sections of El4 diencephalon (n=8), showing that Shh was predominantly localized 
in axons in the optic stalk (Fig. 7F), lateral regions of the optic chiasm and optic tract 
(Fig. 7G) but was less at the midline of the chiasm and cells surrounding these 
structures (Fig. 7D and 7E). Similar staining was also observed at El6 (n=3; Fig. 7H 
and 71). 
The expression of Shh was further examined in explant cultures of E14 retinae. 
Consistent labeling was observed in retinal neurites and growth cones from both 
dorsal nasal (DN) (n=9 explants; Fig. 8A) and ventral temporal (VT) retinae (n=5 
explants; Fig. 8B). 
Specificity of Shh antibody 
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To examine the specificity of Shh staining, antibodies 5E1 (n=4) and H-160 
(n=3) were used to examine distribution of Shh protein in E14 diencephalon. 5E1 
(Ericson et al., 1996) and H-160 (Sheng et al , 2004) can both recognize the 
amino-terminus of Shh, formed by 25-198 amino acid residues of the protein (Marti 
et al., 1995). Weak staining was observed in the retina but the pattern was similar to 
that of Shh using antibody from R&D (Fig. 9A-E). With the 5E1 staining, similar 
pattern of labeling was observed in the ventral diencephalon, supporting the specific 
location of Shh predominantly in the optic stalk and the optic tract (Fig. 9F and 9G). 
Shh showed different effects on neurite outgrowth from DN or VT explants 
To study the effects of Shh on the growth of neurites, explants from dorsal nasal 
(DN) and ventral temporal (VT) quadrants of E14 retinae were cultured on a 
laminin/polylysine substrate in the medium containing 0.5, 2.5, 5, 10 |ig/ml N-Shh 
peptides. Extensive neurite outgrowth was found in the control preparations without 
added N-Shh peptides (Fig. lOA and IOC). In the presence of N-Shh, neurite 
outgrowth was enhanced in DN explants when they were grown in medium 
containing 0.5|ig/ml Shh (Fig. lOB). No effect was observed to the VT neurites at 
this concentration of Shh. At 2.5|ag/ml Shh, neurite outgrowth was suppressed in VT 
explants (Fig. lOD), which was not evidenced in DN explants. Statistical analyses 
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showed a significant increase in the neurite outgrowth from DN explants (P < 0.001; 
Fig. lOE) but a decrease from VT explants (P < 0.05; Fig. lOE) after addition of 0.5 
and 2.5|ig/ml N-Shh, respectively. The presence of N-Shh in other concentrations 
does not produce any significant change to the neurite outgrowth from both DN and 
VT explants (P > 0.05; Fig. lOE). 
Discussion 
In this chapter, the localization of Shh in the retinofugal pathway at different 
developmental stages was investigated. The major findings in this study include the 
following: 1) Localization of Shh changes from glial cells in El3 retina to 
predominantly retinal neurons and optic axons at later developmental stages. 2) Shh 
is expressed primarily in an X-shaped domain in the E13 ventral diencephalon. 
Staining in the anterior regions of this domain regresses whilst that in the posterior 
regions persists and marks the chiasmatic neurons. 3) Shh protein is localized 
predominantly at the optic stalk, lateral regions of the chiasm and optic tract but to a 
lesser extent at the midline in the optic chiasm. 4) Shh peptide at certain 
concentrations significantly affects the growth of retinal neurites from dorsal nasal 
(DN) and ventral temporal (VT) retinae. These results suggest that Shh may affect 
axon growth and guidance in the mouse retinofugal pathway. 
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Shh expression changes from glia to neurons in the retina at later stages 
Shh is largely localized on Vimentin-positive radial glia in the El3 retina but is 
confined to the TuJ 1-positive ganglion cells and optic axon layer at later stages. It is 
unclear what function of this transient appearance of Shh protein on radial glia is; 
however, Shh derived from the ganglion cell layer, which has been shown to be the 
site of synthesis for Shh transcripts and proteins (Jensen and Wallace, 1997; Wallace 
and Raff, 1999; Dakubo et al., 2003), may be involved in the development of retina, 
optic disk and optic stalk (Wallace and Raff, 1999; Wang et al., 2002; Dakubo et al” 
2003; Mu et al., 2005; Wang et al., 2005). 
Shh may regulate midline crossing in the chiasm during early development 
Shh protein may diffuse from the preoptic area and the caudal diencephalon, 
. w h e r e Shh transcripts are localized (Torres et al , 1996; Marcus et al., 1999), to form 
prominent staining in an X-shaped configuration in the El3 ventral diencephalon. 
The anterior half of the X-shaped array associate closely to the path of retinal axons 
at the midline where Shh is weakly expressed, arguing the role of Shh in regulating 
midline crossing. Previous studies showed that Shh promotes retinal neurite growth 
at low concentration (0.3-0.63 |ig/ml; Kolpak et al., 2005). Consistent with this 
finding, our in vitro results show a significant increase in the growth of DN neurites, 
which contribute to the major population of axons in the chiasm. However, no 
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obvious effect was observed in the VT neurites at low concentration of Shh (0.5 
Hg/ml)，suggesting a possibility that Shh may promotes the growth of early axons 
from the DN retina in the midline. It has also been demonstrated a significant 
reduction in midline crossing in El3 slices after blocking Shh-Ptch-Smo signaling 
pathway (Hao et al.，2007)，further indicating the role of Shh in directing midline 
crossing during early development. 
Moreover, more intense staining of Shh in the posterior half of the X-shaped 
array is colocalized with CD44/SSEA chiasmatic neurons which are arranged in an 
inverted V-shaped configuration. This specific spatial array has been suggested to 
form the posterior border of the chiasm and to direct axon growth and axon routing 
in the developing mouse chiasm by expressing other guidance cues (Mason and 
Sretavan, 1997). Probably, Shh is one of the possible candidates in axon guidance 
there. 
Shh may regulate axon routing in the chiasm at later stages of development 
At E14-E16, no X-shaped configuration of Shh in the ventral diencephalon is 
observed; however, differential expression of Shh is present along the retinofugal 
pathway. Strong Shh staining is consistently observed at the optic stalk, lateral 
regions of the chiasm and optic tract but the staining is substantially reduced at the 
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midline of the chiasm. It has been shown that high concentration of Shh protein (2.5 
|ig/ml) inhibits retinal neurite outgrowth (Kolpak et al., 2005) and high expression of 
Shh has been reported to inhibit axon crossing at the midline (Torres et al., 1996; 
Trousse et al., 2001), suggesting inhibitory effect of Shh to retinal axons at the 
midline. Besides, disruption of Shh-Ptch-Smo signaling pathway causes enlargement 
of retinoretinal projection in El4 and El5 slices treated with cyclopamine, indicating 
that retinal axons are misrouted into the contralateral optic stalk instead of optic tract 
after blocking Shh signaling (Hao et al., 2007). Hence, Shh protein in the pathway 
may inhibit retinal axons to enter the contralateral optic stalk and direct them into the 
appropriate optic tract. 
Furthermore, not only the different concentrations of Shh, but Shh may also 
interact with different receptors to exert functions. Previous studies have reported 
axon abnormalities in the chiasm after disrupting the typical Shh-Ptch-Smo pathway 
(Hao et al., 2007) and my preliminary result shows colocalization of Shh and Ptch on 
diencephalic cells surrounding the chiasm and the optic tract (data not shown), 
suggesting that Shh/Ptch interaction may direct axon routing in the chiasm. Shh has 
also been shown to interact with Boc to attract commissural axons towards the floor 
plate and to interact with Hip to repel commissural axons away from the floor plate 
in the developing spinal cord (Bourikas et al.，2005; Okada et al., 2006). In addition, 
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spatial distribution of Shh is similar to that of heparan sulfate proteoglycans and 
fibroblast growth factor receptor in the developing mouse chiasm (Chung et al., 2001; 
Lin et al., 2002; Hao et al.，2007), suggesting that they may work as a complex to 
regulate axon growth in the chiasm. Therefore, Shh changes their response by 
interacting with different receptors in different locations, indicating the possibility of 
different roles of Shh in the visual pathway development. 
There are still many questions in axon guidance by Shh. The mechanisms of 
signaling the growth of retinal axons at the midline and directing the axons into the 
optic tract are still poorly understood. My findings showing spatial and temporal 
localization of Shh support the roles of Shh in axon growth and guidance, although 




Figure 1: Confocal photomicrographs showing localization of Shh in sections of 
embryonic mouse retina (R) in E13-E15. At E13, (A) some radially elongating cells 
were labeled distinctly in the neural retina. (B) At high power of boxed area in A, 
Shh labeling was observed on cell bodies (indicated by white arrows) and also on 
their processes (indicated by empty arrows) in the neural retina. Staining was also in 
the pigmented epithelium (indicated by asterisk) and the blood vessels in the vitreous 
(indicated by black arrows). (C) Shh protein was abundantly localized in the lens (L), 
ciliary margin zone (indicated by arrow), optic disk and optic stalk. (D) Magnified 
view of boxed area in C, Shh protein was localized on the axons (indicated by arrows) 
in the optic disk (marked by asterisk) and the optic stalk (OS) and was largely 
localized on the glial-like elements (marked by empty arrows) in these structures. 
(E-F) At El4，the staining pattern was different to that of El 3. Shh proteins confined 
to cells (indicated by arrows) in the inner regions of the retina and the optic axon 
layer (indicate by empty arrows). Asterisk marked the optic disk. (G) Prominent 
staining was also observed on axons in the optic stalk (OS). (H) Similar staining 
pattern was observed in El5 retina with strong labeling in periocular mesenchyme 
(indicated by asterisks). 




Figure 2: Confocal photomicrographs showing localization of Shh in sections of 
retina (R) in E16-E18 mouse embryos, postnatal day (P) 0 and adult mice. Similar to 
the staining at El4 and El5，（A) Strong labeling was found on the cells in inner half 
of El6 retina. Staining was also found in the periocular mesenchyme, lens (L)， 
pigmented epithelium (indicated by asterisk), blood vessels in the vitreous (indicated 
by arrows) and the CMZ at periphery (indicated by empty arrow). (B) High power of 
neural retina showed predominant labeling in the optic axon layer (indicated by 
empty arrows), and cells in the putative ganglion cell layer. Interestingly, stronger 
labeling was observed at a layer of cells and their processes at outer region (indicated 
by arrows). Similar staining pattern was also observed in (C) ElTand (D-E) El8 with 
prominent labeling at putative inner plexiform layer (indicated by arrows). (F) On PO, 
a clear segregation (bound by dash lines) which is the inner plexiform layer was 
observed between the ganglion cell layer and the inner nuclear layer. (G) High power 
of the adult retina showed Shh protein was largely localized in optic axon layer, 
ganglion cell layer (GCL) and inner plexiform layer (IPL). Distinct expression was 
also found on some cells in inner nuclear layer (INL) and fibers in outer plexiform 
layer (OPL). Solid lines bound the neural retina. 
Scale bar: A, C, D, 200|im; B, E, F, G, lOOpm. 
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Figure 3: Confocal photomicrographs showed that Shh protein was distributed on 
Vimentin-positive radial glial cells and a few TuJ-1 positive cells in El3 retina. (A) 
Vimentin labeled Miiller glia-like cells in retina and (B) Shh proteins were localized 
on cells which were arranged radially. (C) Merged image showed that Shh signals 
were found on Vimentin-positive radial glial cells (indicated by arrows) in the CMZ 
and in the radial glial cells scattered in the neural retina. (D-F) Shh protein was also 
found on a few TuJ-1-positive cells (indicated by arrows) which were located in the 
outer layer of the putative ganglion cell layer and the neuroblast layer. 





Figure 4: Confocal photomicrographs showed that most Shh proteins were 
distributed in TuJ-1 positive cells at El4’ El6 and El8 mouse embryos. (A-C) Most 
of Shh proteins in neural retina were localized on axons and the cells in the ganglion 
cell layer which were both TuJ-1 positive. Similar pattern of colocalization was also 
observed at (D) E16 and (E) E18. 
Scale bar: A-E, lOOjim. 
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Figure 5: Confocal photomicrographs showed that most Shh protein was distributed 
in TuJ-1-positive layers and at the inner nuclear layer (INL) and outer plexiform 
layer (OPL) in adult retina (bound by solid lines). (A) TuJ-1 could distinctly label the 
inner layers including axon layer, ganglion cell layer (GCL) and inner plexiform 
layer (IPL). (B) DAPI staining showed there were three separated cellular layers 
within neural retina. (C-E) Most Shh signals were predominantly distributed in 
TuJ-1-positive layers including axon layer (indicated by asterisks), cells in the GCL 
(indicated by empty arrows) and inner plexiform layer (IPL). Shh staining was also 
observed at some cells in the INL and OPL (indicated by arrows). 
Scale bar: A-E, 40|im. 
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Figure 6: Confocal photomicrographs of horizontal sections showing an X-shaped 
pattern of Shh localization in El 3 ventral diencephalon. (A) Shh localization showed 
an X-shaped pattern (bound by dash line) in the ventral diencephalon with very 
prominent staining on optic stalk fibers (indicated by arrows) and in ventricular zone 
(indicated by asterisks). At the midline (indicated by empty arrow), Shh was weakly 
expressed. (B) SSEA-1 antibody labeled chiasmatic neurons which were arranged in 
an inverted V-shaped pattern in the ventral diencephalon. (C-D) All SSEA-1-positive 
cells showed Shh signals. (E-G) High power of box in D showed that 
SSEA-1-positive cell bodies and their processes were labeled with Shh. 
Scale bar: A-D, 200|im; E-G, 100|im. 
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Figure 7: Confocal photomicrographs of brain sections showing Shh localization in 
the optic stalk, optic chiasm and optic tract at E14-E16. Empty arrow indicated the 
midline. (A-B) In horizontal brain sections showing El4 ventral diencephalon, Shh 
proteins were predominantly localized at optic stalk (OS) and optic tract (OT) but it 
was highly reduced at the midline of the chiasm (OC; bound by dash line). Some 
diencephalic cells (marked by asterisks) surrounding these structures were also 
labeled. (C) Similar pattern was also observed at El5. Moreover, frontal sections can 
further support the staining pattern observed. (D-E) In the OC, lateral regions 
showed stronger labeling than the midline region and diencephalic cells surrounding 
were also labeled. E showed a section at more caudal diencephalon. Strong label was 
observed at the optic tract but it was highly reduced at the midline of the chiasm. 
(F-G) Strong labeling was consistently observed in the OS and OT. (H-I) Consistent 
staining pattern was also observed at El6. 







Figure 8: Confocal photomicrographs showing Shh localization in growth cones and 
neurites from El4 retinal explants. Both (A) DN and (B) VT retinas showed positive 
signals in growth cones (indicated by arrows) and neurites. 
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Figure 9: Confocal photomicrographs showing localization of Shh in sections of E14 
retinae and the diencephalon by using 5E1 and H-160 antibodies. (A-C) 5E1 
antibody could label the ganglion cells, axon layer, ciliary margin zone, optic disk 
and optic stalk. The staining was confined to the ganglion cell layer and the optic 
axon layer. The staining pattern was similar to that of Shh using antibody from R&D 
but the signal intensity was weaker. (D-E) H-160 staining also showed the similar 
pattern at a lower intensity. (F-G) With the 5E1 staining, similar pattern of labeling 
was observed in the ventral diencephalon, supporting the specific location of Shh 
predominantly in the optic stalk and the optic tract. 
Scale bar: A, D, F, 200nm; B, C, E, G, lOO^m. 
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Figure 10: Effects of soluble N-Shh to retinal neurite growth (El4). It showed (A) 
DN and (C) VT retinal explants in control experiments which showed extensive 
neurite outgrowth. (B) Higher pixel intensity of DN retinal neurites was shown after 
adding 0.5|ag/ml N-Shh to DN explant culture medium but (D) lower pixel intensity 
of VT retinal neurites was shown after adding 2.5|xg/ml N-Shh. (E) Quantitative 
measurements were compared using Mann-Whitney non-parametric test and were 
represented by bar charts. Significant difference with p-value lower than 0.001 and 
0.05 was marked by *** and * respectively. 
Scale bar: A-D, 500 j^m. 
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Chapter 5 
General Discussion 
During the development of the mouse retinofugal pathway, there are various 
guidance cues present in different segments of the pathway at different stages to 
direct axon routing and patterning in the chiasm. Optic chiasm is the decision making 
point where most ganglion cells in nasal retina projects axons across the midline 
whilst ganglion cells in ventral temporal (VT) retina projects axons to the ipsilateral 
pathway without crossing the midline. The guidance cues at the chiasm mediate 
midline crossing, axon routing and axon divergence by either affecting directly or 
interacting with other molecules to regulate retinal axon growth. 
In this report, I have investigated three different molecules with regional 
specific localization in the retinofugal pathway, indicating the possibility of roles in 
axon pathfinding. It has been demonstrated perturbing the HA functions with 
exogenous hyaluronan (HA) or enzymatic digestion of HA with hyaluronidase 
(HAase) produces a dramatic reduction of midline crossing in El 3 slices (Chan et al” 
2007; Lin et al.’ 2007b). Similar routing errors are also observed in El 3 and E14 
slices after perturbing CD44 functions (Lin and Chan, 2003)，suggesting HA interacts 
with CD44 on the chiasmatic neurons at the midline (Fig. 1) to direct retinal axons to 
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cross the midline in the chiasm during early development. As CD44 is inhibitory to 
the neurite growth (Sretavan et al., 1994), the stall of crossed axons after disrupting 
CD44/HA interaction may be caused by other inhibitory molecules in the chiasm. At 
later stages, obvious reduction is observed in El5 and El6 slices treated with 
exogenous HA but the reduction is not consistent in the slices treated with HAase, 
suggesting CD44/HA may interact with other molecules in regulating uncrossed 
projection development (Chan et al., 2007; Lin et al , 2007b). One possible candidate 
is chondroitin sulfate proteoglycans. 
Another inhibitory molecule studied is Nogo which is present on radial glia and 
few migrating neurons in the retina and is largely localized on the radial glia at the 
midline of the chiasm (Wang et al., 2008a). Nogo-66 receptor (NgR) is localized in 
the retinal axons which are Nogo negative but NgR staining is absent on the axons in 
the chiasm (Fig. 2), suggesting Nogo/NgR signaling on axon routing (Wang et al.， 
2008a). In vitro coculture assay has revealed that NgR is downregulated on dorsal 
nasal (DN) axons when contacting with chiasm outgrowth but not on VT axons, so 
most VT axons are inhibited when contacting the chiasm, a mechanism that may 
underlie the turning of uncrossed axons in the pathway (Wang et al., 2008b). 
However, Nogo inhibits neurite growth from both DN and VT retinal explants in 
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vitro (Wang et al., 2008b), suggesting that the chiasmatic cells signal the level of 
expression of NgR on axons arising from different regions of the retina. Nevertheless, 
the mechanism of forming uncrossed projection is still poorly understood and it is 
still unclear that how NgR is selectively downregulated on DN axons. Western blot 
analyses confirm the presence of Nogo proteins in the retina and the ventral 
diencephalon of mouse embryos, indicating the presence of both Nogo-A and 
Nogo-B. However, we cannot rule out the neuronal localization of Nogo-A protein in 
these tissues which is reported by other literature (Huber et al., 2002; Tozaki et al.， 
2002). 
We have also investigated Sonic hedgehog (Shh) in the developing retinofugal 
pathway. Immunohistochemical studies show that Shh is not evenly distributed but is 
localized in specific regions in the retinofugal pathway, suggesting specific roles of 
Shh in the pathway development. Figure 3 summarizes the predominant localization 
of Shh in the pathway, labeling the ganglion cells and retinal axons in the optic disk, 
optic stalk and optic tract. Weaker expression of Shh is also found on axons in the 
chiasm and surrounding diencephalic cells. Since previous reports showed 
misrouting of axons after treatment with cyclopamine and retinal axons are inhibited 
after overexpressing Shh in the chiasm (Torres et al., 1996; Trousse et al., 2001; Hao 
9 3 
et al., 2007), Shh is likely to direct midline crossing in the chiasm during early 
development and to channel retinal axons to the optic tract at later stages. Moreover, 
Shh may interact with different binding proteins to exert functions in different 




Figure 1: Summary diagram showing the localization of hyaluronan (HA) and its 
receptor CD44 in the ventral diencephalon at El4. The anterior is to the top and the 
black dash line is the midline. HA (blue) and CD44 (green) are colocalized on the 
chiasmatic neurons which are arranged in an inverted V-shaped array at the midline 
of the chiasm. HA at the lateral regions of the ventral diencephalon is not overlapped 
with CD44. In the diagram, crossed axons (black) are projected from nasal retina 
while uncrossed axons are mainly projected from ventral temporal crescent 
(indicated by green dash line), and CD44/HA complex is probably involved in the 
formation of this bilateral projection. 
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Figure 2: Summary diagram showing the localization of Nogo and Nogo-66 receptor 
(NgR) in the chiasm. The anterior is to the top and the black dash line is the midline. 
Nogo protein (red) is localized on the radial glial cells in the ventral diencephalon 
while NgR (blue) is found on the axons at the optic stalk and optic track. In the 
chiasm, NgR is down-regulated on the dorsal nasal (DN) axons (green) but its 
expression elevates at the optic tract. However, NgR expression on ventral temporal 
(VT) axons is maintained (blue) in the chiasm. DN axons are crossed axons while 
VT axons are uncrossed axons which are mainly projected from ventral temporal 
crescent (indicated by yellow dash line). 
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Figure 3: Summary diagram showing the localization of Sonic hedgehog (Shh) in 
the retinofugal pathway at El4. The anterior is to the top and the black dash line is 
the midline. Shh (red) is localized in the lens, ciliary margin zone and ganglion cell 
layer in the eyes. It is also localized on the axons in the optic stalk and optic tract but 
the expression of Shh is reduced in the chiasm (yellow). Some diencephalic cells 
surrounding these tissues are also labeled (yellow). Regional specific localization of 
Shh implies that Shh involves in axon guidance in the chiasm. 
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